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Abstract 

Mapping the diversity of supernovae (SNe) to progenitor properties is key to our understanding of stellar 
evolution and explosive stellar death. Investigations of the immediate environments of SNe allow statistical 
constraints to be made on progenitor properties such as mass and metallicity. Here we review the progress 
that has been made in this field. Pixel statistics using tracers of e.g. star formation within galaxies show 
intriguing differences in the explosion sites of, in particular SNe types II and Ibc (SNe II and SNe Ibc 
respectively), suggesting statistical differences in population ages. Of particular interest is that SNe Ic are 
significantly more associated with host galaxy Ha emission than SNe Ib, implying shorter lifetimes for the 
former. In addition, such studies have shown (unexpectedly) that the interacting SNe Iln do not explode 
in regions containing the most massive stars, which suggests that at least a significant fraction of their 
progenitors arise from the lower end of the core-collapse SN mass range. Host H ll region spectroscopy has 
been obtained for a significant number of core-collapse events, however definitive conclusions on differences 
between distinct SN types have to-date been elusive. Single stellar evolution models predict that the relative 
fraction of SNe Ibc to SNe H should increase with increasing metallicity, due to the dependence of mass-loss 
rates on progenitor metallicity. We present a meta-analysis of all current host H ll region oxygen abundances 
for CC SNe. It is concluded that the SN II to SN Ibc ratio shows little variation with oxygen abundance, 
with only a suggestion that the ratio increases in the lowest bin. Radial distributions of different SNe are 
discussed, where a central excess of SNe Ibc has been observed within disturbed galaxy systems, which 
is difficult to ascribe to metallicity or selection effects. Environment studies are also being undertaken for 
SNe la, where constraints can be made on the shortest delay times of progenitor systems. It is shown 
that ‘redder’ SNe la are more often found within star-forming regions. Environment studies are evolving to 
enable studies at higher spatial resolutions than previously possible, while in addition the advent of wide- 
held integral held unit instruments allows galaxy-wide spectral analyses which will provide fruitful results 
to this held. Some example contemporary results are shown in that direction. 
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1 INTRODUCTION 

Supernovae (SNe) are the explosive deaths of stars. 
The light released is such that the explosion can for a 
brief time of weeks to months, be close in luminosity to 
the total light produced by its host galaxy, i.e. billions 
of individual stars. These extreme luminosities and 
their associated energies mean that SNe are not only 
interesting to understand in their own right, but are 
also important objects which heavily influence their 
immediate environments and the evolution of those 
regions. In addition, SNe can also be used as probes to 
aid in our understanding of many other astrophysical 
questions. 

There now exists a large diversity of SN type 


classifications, with new distinct events being added 
to the traditional observational classes. SNe were 
originally classified into types I and II, due to the 
absence in the former and t he presence in th e latter, 
of hydrogen in their spectra ([Minkowskil 1 194 11) . Later, 
the type I class was further sub-divided as it became 
clear that further distinct types exist. SNe Ib show 
helium in their spectra, while SNe Ic do not, and both 
lack the s trong silicon ab sorption characteristic of 
SNe la (see Fitooenko 19971 for a review of SN spectral 


classifications jl|. SNe II can also be further split by 
properties of their light-curve and spectra. SNe IIP are 


^ Throughout the manuscript we will refer to the combined sample 
of SNe Ib, SNe Ic and those classified as ‘Ib/c’, as SNe Ibc. 
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observed to have a ‘plateau’ in their light-curves, while 
the fast er declining ‘linear ’ events are classified as 
SNe I IL (iBarbon et alJ W7£, alt hough see Arcavi et al. 
2012 , Anderson et alJl2014b and Faran et al. 2014al for 


discussion on SN II typing). Two further type II spec¬ 
troscopic classifications exist. SNe Iln are those events 
which show na rrow emission features in their spectra 
( Schleeel lOOOll . indicating that their ejecta are inter- 
acting with slow moving circumstellar material (CSM, 
Chugai fc Danzig^ll994 1. At early times SNe Ilb show 
features similar to normal SNe II, but later hydrogen 
features disappear, and they appear more similar to 
SNe Ib (jFilinDenko et al.llI99,‘l^ . In addition, there also 
exist a subset of the SN Ic class which show broad 
spectral features implying high ejecta velocities. These 
are known as ‘broad-line SNe Ic’ (or SNe Ic BL), and 
a further subset of SNe Ic BL have been linked to 
long duration Gamma Ray Bursts (L GRBs, see e.g. 
Galama et al. 1998 : Hiorth et al.ll2001^ . 

From a theoretical viewpoint, historically SN progen¬ 
itors have been separated into two classes. SNe la are 
presumed to arise from the thermonuclear disruption 
of a white dwarf (WD) or WD system, while CC SNe 
(i.e. types II and Ibc) are thought to be the result of 
the core-collapse of massive stars. This separation is 
given further credence by the fact that CC SNe are 
only observed in star-forming late-type galaxies, while 
SNe la are observed in all ga l axy ty pes (including 


axy ty p 

ellipticals, Ivan den Bergh et al.l 1200511 . Civen that 
elliptical galaxies are dominated by evolved stellar pop¬ 
ulations, this effectively constrains the SNe occurring 
within those galaxies to arise from similarly evolved 
progenitors. A WD progenitor can easily accommo¬ 
date this constraint. Meanwhile, the fact that CC 
SNe are exclusively found within galaxies containing 
significant star formation (SF), is consistent with their 
progenitors being the collapse of the cores of massive 
stars. However, outside of these very broad progenitor 
constraints of young (CC SNe) and old (SNe la) parent 
populations, gaining further information on the specific 
progenitor parameter space which defines the observed 
transient diversity has been relatively slow going. 

In recent years the traditional classification scheme 
has been further complicated by the addition of 


of the light-curve. The main question then becomes: 
which progenitor property defines the amount of mass 
lost by the star or stellar system before explosion? Ini¬ 
tial progenitor mass, metallicity, and rotation, together 
with the presence and influence of a binary companion 
all affect this degree of mass loss. The epoch and rate of 
that mass loss can also heavily influence the observed 
SN, where in e.g. SNe Iln, observations suggest that 
mass-loss occurred close to the epoch of explosion, 
causing the large di spersion in properties observed 
in this class (see e.g. iKiewe et al. f l20I2t iTaddia et al.l 


2013bll . Deciphering which changes in progenitor 


properties link to changes in SN features is then a key 
question. Studying the immediate environments where 
SNe explode can help elucidate these issues. 

The most direct way to constrain SN progenitors 
is to observe the progenitor star before explosion. 
This has been possible in a small number of cases, 
and for SNe IIP these studies have constrained their 
progenitors to be red supergiant ( RSC) stars w ith 
initial masses between 8-16 Mq (see ISmartt 20091 for 
a review). This technique requires that pre-SN images 
of sufficient depth at SN positions are available. One 
can then use photometry of the star coincident with 
explosion locations to derive a luminosity and convert 
this to a progenitor mass using the predictions of 
stellar evolution codes. While this technique is highly 
enlightening with respect to individual SN events, its 
use in a statistical sense is limited by a) the lack of 
explosions close enough where one can detect/resolve 
individual stars, and b) the need for sufficiently deep 
pre-explosion images. Hence, to build up statistics 
for the different SN types through this avenue will 
take several more decades. At the other end of the 
progenitor constraint spectrum is the analysis of global 
host galaxy properties. Indeed as mentioned above, the 
separation of SNe into CC and thermonuclear events 
owes much to the appearance of the latter in early-type 
elliptical galaxies. 

More recent studies have investigated how e.g. 
the SN Ibc to SN H ratio changes with host 
galaxy mass/lumin osity _ | Prantzos fc Boissier 200^ 


pecul iar types such as SNe lax (see e.g. iFolev et al.l (jHakobvan et al.l 120141) . and the multiplicity of SN e 


metallicity (iPrieto et al.l l2008al) . host morphology 


Boissier fc Prantz^ 200^ Arcavi et al. l2010l) 


20131 and reference s therein) and ‘Ca-rich’ events (e.g. 

2010l) . The features in these distinct 


Perets et al. 


transients give clues as to the initial progenitor and 
pre-SN characteristics giving rise to the observed SN 
diversity. Indeed, there is debate as to how these events 
can be understood in terms of the classic supposedly 
fundamental theoretical classes. 

It is generally accepted that CC SN diversity can be 
explained through the amount of the progenitor star’s 
envelope retained at the epoch of explosion. This then 
defines the dominant spectral features, and the shape 


within different galaxies ( Anderson fc Sotol l2013l) . 
These studies show intriguing differences, and allow for 
statistically significant analyses. However, especially 
in late-type spiral galaxies, there are multiple stellar 
populations of distinct ages, metallicities and possible 
SF scenarios. This therefore makes drawing definitive 
conclusions on progenitor properties complicated. An 
interesting avenue for investigation which overcomes 
some of the limitations of the above is to analyse the 
stellar populations at the locations of SNe within host 
galaxies. In this direction one can still obtain significant 
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statistics (as will be shown below), while analysing 
stellar populations that are more representative of SN 
progenitors than global host investigations. 

In this review we will summarise the progress that 
has been made in the field of SN ‘environments’. The 
review is outlined as follows. First, we continue this 
introduction with a short history of environmental 
studies, discussing the important constraints that have 
been made on progenitors, and bringing the reader 
up-to-date with the previous decade. The introduction 
finishes with a description of the definition of what 
we mean when analysing SN ‘environments’. We then 
outline the different statistical techniques that have 
recently been used in this field and this is followed 
by a discussion of the important results derived from 
environment analysis in § 3. In § 4 we further discuss 
the implications of these results, and the various biases 
and complications in their interpretation. In § 5 the 
current and future status of this field is discussed, and 
finally in § 6 we conclude with an overall summary. 


1.1 A short history of supernova 
environment studies 


The first environmental evidence used to constrain the 
physical properties of SNe arose due to the observa¬ 
tion that type I SNe (at that stage no separation was 
made between type la and type Ibc) were found to 
explode in early-type elliptical galaxies, while type II 
events wer e found exclus ively within star-forming galax¬ 
ies (see e.g. lReave sll953l for an earl y example, confirmed 
by many subsequent s t udies , e.g. |yan den Bergh et aP 


20051 iHakobya n et al. 2_014). H oweye r, eyen further 
back in time iBaade fc Zwickyl (1193411 made the ob- 
seryation that “...super-noyae occur not only in the 
blurred central parts of nebulae but also in the spi¬ 
ral arms...”. This was reference to the spatial distribu¬ 
tion of noyae and supernoyae within their host galax¬ 
ies and hence enyironmental information was already 
used through those early inyestigations to note dif- 
ferences in the properties between these two events. 
Johnson k. MacLeodI ( 1963ll concluded that all SN types 
were concentrated in the disks of galaxies. Progeni¬ 
tor constraints from host galaxies were given further 
strength through research investigating the correla¬ 
tion of SNe wi th spiral arms (though t to t race SF) 
within galaxies. iMaza fc van den Bergh (1976) demon¬ 
strated that SNe II were much mor e concentrat ed 
within spiral arms than SNe I (also see Huang 1987 jl, 
again implying shorter lived progenitors for the former 
( McMillan &: Ciardullol 1996 later showed that this dif¬ 
ference indeed exists between pure samples of SNe II 


^Note, while in these studies there was probably a mix of SNe la 
and SNe Ibc, given their relative rates, most of the sample was 
probably dominated by SNe la, hence the significant difference 
in correlation. 


and SNe la). While spiral arms trace the general waves 
of SF within galaxies, on a more local scale high mass 
on-going SF is traced by Hii regions. Hence, the next 
logical step was pursued and analyses were carried 
out investigating the association of d if ferent SN types 
with these regions by van DvkI ( 1992f) ; iBartunov et al 


(|l994l) ; Ivan Dvk et al.l (|l996ll . These authors estimated 
the different degrees of association of SN types to H ii 
regions through measuring the distance to the nearest 
region from each explosion site. At this epoch SNe I had 
now been separated into SNe la and SNe Ibc, and the 
main conclusion from these studies was that any signif¬ 
icant difference between the correlation of SNe H and 
SNe Ibc (both arising from massive stars) and Hii re¬ 
gions was not observed (which, with larger samples and 
a distinct analysis technique we show to be incorrect 
below). 

Another analysis technique used historically, is to in¬ 
vestigate the radial distribution of different SN types, 
and compare these to our understandin g of radial trends 
of e.g . metallicity in spiral galaxies. IBartunov et al 


(I 1992 I I concluded there were no statistical differences 
in the radial distributions of d ifferent SN type s . How ¬ 
ever, later i nvest igatio ns bv Ivan den BerghI (|l997l), 
Wang et al. ( 19971) and iTsvetkov et ^ ( 2004 ) showed 


that SNe Ibc are generally more centrally concentrated 
within galaxies than SNe H, while SNe la appeared to 
show a deficit of events within central regions. The cen¬ 
tral bias of SNe Ibc with respect to other SN types has 
historically been interpreted as a metallicity difference 
as the central parts of spiral galaxies are generally host 
to higher metallicity stellar populati ons (due to metal¬ 
licity gradients within galaxies, see iHenrv fc Worthev 


19991 for a review). However, as we will show below, this 


interpretation is complicated when one delves deeper 
into specific host galaxy properties. 

In the above the reader has been brought up to 
date to the sparse ‘environment’ studies initially under¬ 
taken during the 20th century. The rest of this review 
will go into detail on the ‘environment’ studies of the 
last decade, where this field has substantially matured. 
First, for the sake of the rest of the article, we will de¬ 
fine what we mean by ‘environment’ in the context of 
the current review. 


1.2 A definition of ‘environments’ 

In this paper, we define SN environments studies as: 


□ Using observations when the light from the SN is 
not contaminating that of the parent stellar pop¬ 
ulation, i.e. either before the SN has exploded, 
or once it has faded below the luminosity of the 
environment light. This constraint is important 


PASA (2015) 

doi: 10.1017/pas. 2015.XXX 

























































































4 


Anderson et al. 


in order to analyse the parent stellar population 
light uncontaminated by SN emission. 

□ Use of observations of unresolved (into individ¬ 
ual stars) stellar populations. This then rules out 
analyses of resolved stellar populations in very 
nearby galaxies. While results from such studies 
can be very revealing (and indeed will be dis¬ 
cussed later), this constraint focusses the discus¬ 
sion on unresolved populations. 

□ Analyses where one separates host galaxies into 
distinct regions. This distinguishes environmental 
studies from global host work. While this factor 
is somewhat due to the researcher’s own choice, it 
is also affected by distance resolution effects. As 
one goes to larger distances it becomes more dif¬ 
ficult to resolve individual galaxies into separate 
detector pixels. 


To obtain progenitor constraints on SNe, one then as¬ 
sumes that stellar population properties are representa¬ 
tive of those of progenitor stars/stellar systems. Given 
the short lifetimes of CC SNe (at most several tens of 
Myrs, although note the possibility of longer lived CC 
SN progenitors produced in binary systems), this as¬ 
sumption is most likely valid. In the case of SNe la, 
their longer delay times before explosion make inter¬ 
pretations more problematic. There are also issues with 
chance alignments of SNe onto stellar populations which 
are not associated with those of the progenitors. These 
issues and others will be further discussed in § 4. 


2 STATISTICAL TECHNIQUES 


Environmental analyses have been undertaken through 
both photometric and spectroscopic avenues. Photo¬ 
metric analyses have focussed on the flux at the partic¬ 
ular explosion sites through different broad- or narrow- 
band filters, or multiple filters tra cing environment 
colours (e.g. Kelly fc Kirshnei 2012ll . These observa¬ 
tions can be linked to particular properties of stel¬ 
lar populations, predominantly age, but also line of 
sight extinction, and metallicity (through stellar pop¬ 
ulation modelling). Analyses of SN radial distribu¬ 
tions, as normalised to stellar population distribu¬ 
tions throughout galaxies have also been undertaken. 
Spectroscopic analyses have generally concentrated on 
metallicity derivations through emission line ratio di- 
agn ostics, however equivalent w idth measurements (see 
e.g. iKuncaravakti et ^ l2018al and further discussion 
below), have also been used. 

The general methods of these studies will now be out¬ 
lined, however the reader is encouraged to delve deeper 
into individual references for a complete description of 
these techniques, their possible biases and error estima¬ 
tions. 


2.1 Host galaxy pixel statistics 


SN environment studies started in earnest with the in¬ 
troduction of host galaxy ‘pixel statistics’. In 2006 two 
papers independently developed very similar techniques 
with the aim of analysing where within the distribu¬ 
tion of pixel co unts of particular galaxie s the SN en¬ 
vironment falls. I.Iames fc Anderson ( 2006l l investigated 
the association of different SN types with host galaxy 
on-go ing SF, through nar row-band Ha observations, 
while Frnchter et al.l ( 20061 1 analysed the association of 
LGRBs, to host galaxy g'-band light as compared to CC 
SNe. The majority of the below discussion w ill focus 
on the analysis using the I James &: AndersonI method, 
that will now b e described in more detail. However, the 
Frnchter et al.l method is very similar (and h as also been 
used subsequently by e.g. lKellv et al.ll2008l l. 

The descriptio n to provide pixel statist ics (dubbed 
‘NCR’ values in I Anderson fc Jam^ 2008 ) is outlined 
below with respect to Ha imaging. However, this de¬ 
scription is valid for analysis of host galaxy observations 
in any waveband (and indeed could be applied to spec¬ 
tral observations as we will outline in § 5). To begin, 
continuum-subtracted Ha images are trimmed to re¬ 
move sky regions outside the galaxy. Then, pixel counts 
within the resulting image are ordered in terms of in¬ 
creasing count. From this the cumulative distribution is 
formed. This cumulative distribution is then normalised 
by dividing by the total count of all pixels. This then 
leaves negative values, followed by NCR values between 
0 and 1. Negative NCR values, the result of noise in 
the sky, are then set to 0. Thus this statistic is made 
such that values of 0 are equal to sky or zero flux, while 
a value of 1 means that the pixel contains the highest 
flux of the whole galaxy. The final NCR value can thus 
be understood as the fraction of Ha flux arising from 
pixels with lower counts than the SN-containing pixel. 
One can then proceed to measure NCR values for differ¬ 
ent SNe within different galaxies, and build statistical 
samples to be compared. If a distribution accurately fol¬ 
lows the (in this example case) Ha emission, then one 
expects the distribution to be flat with a mean NCR of 
0.5. This would imply that in a population that accu¬ 
rately traces host galaxy Ha emission, an equal number 
of SNe have NCR values in each bin of NCR (fo r more 
details and discussion see lAnderson et aP 2012 ). 

Using pixel statistics, one can use differences in the 
association of SN types to tracers of different stellar 
populations to constrain progenitor properties. In the 
above example of Ha emission, this then gives differ¬ 
ences in associations to very young stellar populations, 
and hence can be used to probe relative age differences 
between progenitors, as will be shown below. 

The spatial resolutions probed by pixel statistics de¬ 
pend on the distance of the host galaxies observed, to¬ 
gether with the pixel scale of the instrument used and 
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the image quality of those observations. In the case of 
Ha NCR statistics, which will dominate the discussion 
below, the median physical sizes probed are o n the or¬ 
der of 300 pc (see lAnderson et ^l2012l 12015 for more 
detailed estimations). Hence, in general these statistics 
do not probe individual Hii regions, but larger star¬ 
forming regions within galaxies. 

2.2 Radial distributions 

A more generalised environmental parameter than that 
of the above pixel statistics, is the radial position within 
hosts where SNe are found. Within galaxies the proper¬ 
ties of stellar populations can change significantly with 
radial position. Metallic ity gradients can exist (see e.g. 
iHenrv fc Worthed Il999ll . in that the central parts of 
galaxies are generally more metal rich than outer re¬ 
gions. There also exist distinct populations in stellar 
bulges and bars within the centres of galaxies. Galaxy 
interactions and mergers can also significantly affect the 
SF processes within galaxies. Hence, one can analyse 
differences in the radial distributions of SNe and try to 
understand these in the context of the different stellar 
populations found at different galactocentric radii. 

The first studies to investigate the radial distributions 
of SNe generally normalised galactocentric distances to 
e.g. i?25 (radius of galaxy to the 25th mag. isophote) or 
worked with absolute distances. One issue with this type 
of normalisation is that it does not take into account 
the actu al radial distributions of d ifferent stellar pop¬ 
ulations. James fc Anderson ( 200dl analysed the radial 
distributions of SNe with respect to those of the light as 
seen through distinct filters. This analysis measures the 
ellipse with the same parameters as that of their host 
galaxy that just includes each SN. One then measures 
the flux contained within this ellipse, and normalises 
to the flux contained within an ellipse out to distances 
where the galaxy flux is consistent with sky values. One 
again obtains values between 0 and 1, where a value of 
0 would mean that a particular SN occurs at the cen¬ 
tral peak of emission, while a value of 1 means that the 
SN occurs out at distances where no significant galaxy 
flux is measured. Building radial distributions of dif¬ 
ferent SN types one can then analyse differences and 
try to tie these to differences in progenitor properties. 
In the below discussion, we concentrate on SN radial 
distributions with respect to continuum i?-band light, 
which is referred to as Fr b . For a full discu s sion of these 
analysis methods s ee James fc Anderson ( 20061 1. and 
Anderson fc Jam^ ( 2009l l. There are several selection 


effects which may be at play in such an analysis, mostly 
due to missing SNe in the central parts of host galaxies 
due to the high surface bri ghtness background How - 


due to the high surtace bri ghtness background Mow - 
ever, as has been shown in iHabergham et al.l ( 20I2h . 
there is no significant evidence that these issues will af¬ 
fect one SN type preferentially over the other, especially 


in the case of differences between SNe H and SNe Ibc. In 
§ 4.5 we discuss selection effects in general with respect 
to environment analyses. 

2.3 H II region metallicities 

CC SN progenitor metallicity is predicted to play a sig¬ 
nificant role in the determination of SN type, especially 
in the si ngle star progenito r scenario (see predictions 
from e.g. iHeger et al.ll2003ll . In extra-galactic studies, 
the simplest way to measure stellar population metal¬ 
licity is through observing the ratio of strong emission 
lines produced through the ionisation of ISM material 
by massive stars. The metallicity of choice is that of 
oxygen, as this is the most abundant metal found in 
H II regions and shows strong emission lines in H ii 
region spectra. In addition, ISM oxygen abundances 
show good correlatio n with stellar metallicities o f 
massive stars (see e.g. ISimon-Diaz fc Stasihskal l2011r) . 
While there now exist a plethora of oxygen abundance 
diagnostics, there is significant disagreement between 
different diagnostics, meaning that constraints on Hii 
region metallicities in absolute terms are somewhat 
problematic. A detailed discussion of these issues, 
together with suggestions o f which diagnostic to us e 
for specific cases is given in iKewlev fc Ellisonl (|2008h . 
While oxygen abundance measurements between 
diagnostics can often show large offsets, relative 
metallicities within a given diagnostic are thought to 
be much more reliable. Hence, one can investigate H ii 
region metallicities between different SN types, using a 
specific diagnostic. 

While the ISM metallicity presents the gas abun¬ 
dance at the epoch of observation, given the relatively 
short lifetimes of CC SNe (at most several 10s of Myrs) 
one can assume that the SN host H ii region metallicity 
is a reasonable tracer of progenitor metallicity. One 
issue is that it is common that at exact explosion sites 
emission lines are relatively weak, meaning one has to 
observe the nearest emission line region. Indeed, this is 
shown in § 3.1, where particularly for SNe II (but also 
for many SNe Ib, and a small number of SNe Ic), CC 
SNe are found to explode within environments with 
relatively low Ha flux. While it is not clear that this 
should bring any systematic bias to CC SN metallicity 
measurements, it is important to note the complica¬ 
tions in direct progenitor metallicity constraints from 
environments. Some studies have attempted to negate 
this problem by only analysing metallicities which 
have been extracted at exact explosion sites. However, 
if there is some progenitor effect which determines 
whether a SN is less or more likely to explode within a 
bright Hii region (which we argue there is), then one 
may be simply replacing one bias with another. Hence, 
in our analysis below we include all ‘environment’ 
metallicity measurements. We note that a relatively 
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recent review of metallicity measurements of CC SNe 
and those SNe accompanying Long duration Gamma 
Ray B ursts (LGRBs), was also presented in Modiad 


(1201 in . 


SN host Hii region 

metallicities (Modiaz et al. 

2008: Anderson et al. 

20101: 

Modiaz et al. 2011; 

Leloudas et al. 2011: 

Modia 2 

2011: Sanders et al. 

2012t iKuncaravakti et al.l 2013a 

bl: Stoll et al.l 20131: 

Taddia et al. 2013a). However, overall conclusions on 


progenitor metallicities implied from these results are 
still not definitive (more details from these studies 
will be discussed below). In this review we present a 
meta-analysis, combining all of the above measure¬ 
ments to try to further probe whether environment 
metallicity differences between SN types indeed exist. 
The most common metallic ity calibration used is that 
from Pettini fc Pagell ( 20041) . and hence we take those 


values for our analysis. Apart from being the commonly 
used diagnostic (and hence published abundance values 
being readily available), the PP04 metallicity scale also 
has the advantage that it is derived using emission lines 
very close in wavelength: Ha together with [N ii], and 
H/I together with [O ill]. This means that uncertainties 
in extinction corrections and/or relative spectral flux 
calibration are unimportant. The PP04 scale has two 
metallicity indicators: N2, using only Ha and [Nil], 
and 03N2, which additionally uses H/3 and [On] line 
strengths. In a significant number of cases publications 
only list N2 or 03N2 values (the former because in 
many cases one only detects Ha and [Nil]). As these 
two diagnostics are on the same scale (which is tied to 
the ISM electron temperature), we use a combination 
of both values, preferring 03N2, but using N2 when 
the former is not available. 


In the rest of this review we will concentrate on anal¬ 
ysis and subsequent discussion of the results obtained 
through the above methods. However, there are specific 
cases which are not covered by the above and these will 
be introduced and discussed separately. 


3 SUPERNOVA ENVIRONMENTS 

Results will first be summarised concentrating on the 
main GG SN types of SNe H and SNe Ibc, through pixel 
statistics, radial distributions, and host H ii region spec¬ 
tral analyses. This is followed by some discussion of the 
environment studies which fall outside of these analysis 
methods. Then SNe la environments will be discussed. 
We will make some comments on specific rarer SN sub- 
types, where environmental analyses aid in simply de¬ 
ciding between a GG or thermonuclear origin. Finally, 
we will present some results where environmental prop¬ 
erties are linked to specific SN properties, beyond clas¬ 
sical spectral/light-curve classifications. 


3.1 Pixel statistics 


In Fig. 1 the Ha NGR pixel statistics cumulative 
distributions of: SNe la, SNe I^SNe Ib and SNe Ic are 


presented (taken from Anderson et al. 2012ll . These 
plots (which will be repeated in various forms below) 
can be understood in the following way. As outlined 
above, if a population accurately traces the emission 
in which an analysis is presented -in the case of Fig. 
1 Ha emission- then one expects that distribution to 
be flat with a mean of 0.5. On cumulative distribution 
plots this translates to being consistent with a straight 
diagonal line which crosses the plot with intersections 
at 0,0 and 1,1. As one moves away to the upper left 
of this diagonal (e.g. see the SNe la in Fig. 1) then a 
population is displaying a lower degree of association to 
the emission. If a population falls below this diagonal 
line to the right, then this equates to a distribution 
that is biased towards the peaks of the emission, and 
does not simply follow the emission on a one-to-one 
basis. Following this we see that the SNe la show 
the lowest degree of association to the line emission, 
followed by SNe II, SNe Ib and finally SNe Ic showing 
the largest degree of association. Ha emission arises 
from recombination of hydrogen ionised by the flux 
of nearby massive stars. Hence, where one observes a 
concentration of Ha emission, an H ii region, one is in 
effect observing a concentration of young massive stars, 
where the dominant contributors to the ionising flux 
are thought to be stars with initial masses >15-20 Mq. 
Hence, these regions within g alaxies are thoug ht to 
have ages <15 Myrs (see e.g. iKennicu ttl Il998l) . The 
distribution of Ha flux within galaxies therefore traces 
on-going SF. Hence, if different SNe show differences 
in their association to the line emission, as is shown in 
Fig. 1, then the most straightforward interpretation of 
this is that we are observing differences in the mean 
progenitor ages, and therefore masses of SN classes. 
Through this interpretation, we can then order SNe 
in terms of progenitor age and mass. The results of 
Fig. 1 imply that, as expected, SNe la have the longest 
progenitor lifetimes and hence the lowest masses. 
SNe II are next, and appear to have the lowest mass 
progenitors of the GG population, consistent with 
constraints from direct progenitor detections. Then 
follows the SNe Ib, where pixel statistics suggest a 
slightly higher association to on-going SF than SNe II, 
however we note that this difference is marginal. The 
SNe Ic meanwhile show an almost perfect one-to-one 
association to Ha emission. Hence, in this interpreta¬ 
tion we have an increasing progenitor mass sequence of: 
SNe la -> SNe II -> SNe Ib -> SNe Ic. We note that 
there has been considerable criticism of t his simple 
interpretation in the literature (see e.g. [Crowther 
2013 : Smith fc Tombleson 2015h . and we return to 
these issues later in § 4. However, it is important to 
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emphasise (irrespective of interpretations) the key 
results from this analysis. 


□ Neither SNe II nor SNe Ib trace on-going SF as 
traced by Ha emission. 

□ SNe Ic accurately trace the spatial distribution 
of on-going SF within hosts. 

□ SNe Ib and SNe Ic show a statistically significant 
difference in their association with on-going SF. 


At first glance, it may seem somewhat surprising that 
the SN II population does not follow the spatial distri¬ 
bution of Ha emission, given that the latter traces high 
mass SF, and that SNe H are the explosions of massive 
stars. However, as outlined above, Ha emission traces 
SF on timescales of <15 Myrs, while the progenitor 
population of SNe HP has been est i mated to have 
masses of ^8-16 Mq ( Smartt et al.1 2009l l. Hence, 
the latter have delay times before explosion longer 
than the lifetimes of typical Hii regions. Near-UV 
emission tr aces SF on longer time scales of up to ^100 
Myrs (e.g. Goga rten et al.l l2009h l. It has been shown 
( Anderson et al.l2012l l. that indeed the SN HP popu¬ 
lation accurately traces the near-UV emission within 
their host galaxies in terms of NCR pixel statistics, as 
is shown in Fig. 2. This is completely consistent with 
these SNe arising from RSG progenitor stars at the low 
end of the CC SN mass range, as constrained by direct 
progenitor detections. 

Similar work o n pixel stat i stics h as been published 
by other authors. Kelly et ^ ( 2008ll presented g'-band 
pixel statistics for SNe and compared these to long- 
duration Gama-Ray Burst s (these authors us ed the 
fractional flux formalism of Fruchter et al. 20061 rather 
than the NCR method outlined above). These distribu¬ 
tions are shown in Fig. 3. While Ha line emission within 
galaxies is dominated by contributions from on-going 
massive SF, the g'-band light is a much coarser tracer 
of young populations. However, it is interesting that 
similar trends to the above are seen in terms of the 
relative differences between populations. SNe H follow 
the g'-band light on an almost one-to-one basis, while 
the SNe Ib appear to be slightly more clustered on 
the brighter pixels. SNe Ic meanwhile are much more 
concentrated on the brightest g'-band pixels (implied 
by the fact that the distribution falls to the bottom 
right of the diagonal). In absolute terms, this clustering 
of SNe Ic (and to a lesser extent SNe Ib) on the brighter 
g'-band regions perhaps implies that massive SF is 
clustered with the majority of it being found at the 
brightest continuum (gr'-band) peaks. One of the main 


conclusions of iKellv et al.l was that SNe Ic and LGRBs 
have similar mass progenitor stars due to their similar 
associations to host galaxy young stellar populations 
as trace d by qf'-band li ght. T hese same statistics were 
used by iRaskin et al.l ( 2008ll and compared to galaxy 
models to constrain CC SN progenitor ages. It was 
concluded that the association of SNe Ic to g'-band 
light implied a minimum progenitor mass for SNe Ic of 
2 5 Mr:,. _ 

iKangas et al. ( 20I3f l investigated specifically the 
local environments of CC SNe within infrared-bright 
galaxies. Using NCR pixel statistics they presented 
similar distributions and relative differences in dis¬ 
tributions between SNe H and SNe Ic populations 
to the Anderson et al. results. Interestingly, these 
authors also presented pixel statistics with respect 
to other wave-bands. In particular they showed that 
while SNe H did not follow the AT-band light of their 
host galaxies, the SNe Ic do. This is surprising given 
that historically AT-band light has bee n thought to 
trace the old stellar mass within galaxies. iKangas et al 


suggested that this was due to the fact that in starburst 
environments the AT-band light is dominated by red 
supergiants, and hence at least in their sample is a 
tracer of SF. It is also interesting to note that with 
respect to the near-UV emission SNe Ic cluster onto 
the brightest pixels and show more than a one-to-one 
relation to the recent SF. This is also seen in Fig. 19 
presented below in § 3.6.1, and may imply that the 
most intense SF happens in the brightest UV regions 
of galaxies. 

Finally, we note that Crowtheil ( 20131) and 


Galbanv et al.l (120141) have also investigated the 


association of SNe with SF regions, through pixel 
statistics and by measuring distances to the nearest 
HII region. Both authors find similar statistics to those 
that have been presented above: SNe Ibc show a higher 
association to on-going SF than SNe H. 


3.2 SN radial distributions 


An updated sample of radial distributions of CC SNe 
with respect to host galaxy i?-band light was published 
in Ha berg ham et al. (2012, followin g lAnderson &: James 
I 2 OO 9 I and iHabergham et al.ll201(i also see comparisons 


to the radial distribution of SNe la in Anderson et al 


20151) . That analysis concentrated on the radial distri¬ 


butions of the main CC SN types of SNe 11, SNe lb 
and SNe Ic. It has long been observed that SNe Ibc are 
more cen trally concentrated w ithin hosts than SNe 11 
(see e.g. Ivan den BerghI 19971 for an early example). 
Historically, this population difference was interpreted 
as a progenitor met allicity effect (which was also the 
initial conclusion in I Anderson fc Jam^ l2009l) , with a 
higher rate of SNe Ibc with respect to SNe 11 in the 
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Fractional Flux (^’-band) 


Figure 1. Cumulative Ho NCR distributions of the main SN 
types: SNe la, SNe II, SNe Ib and SNe Ic (the combined SN Ibc 
population is also shown). The straight black diagonal line rep¬ 
resents a hypothetical distribution, infinite in size, which accu¬ 
rately traces (in this case) host galaxy on-going SF as traced 
by Ho line emi s sion. T his plot is a reproduction of Fig. 2 from 
lAnderson et al.l ||2012| ~). but here we remove the SNe Ilb and 
SNe Hn from the SN II sample, to be consistent in our sample 
analysis throughout the review. 



FRACTION OF CUMULATIVE SF 


Figure 2. Cumulative Ho and near -UV NCR distr i bution s of 
SNe IIP. Reproduction of Fig. 4 from I Anderson et al.l ||2012| ~). 


Figure 3. Cumulative g'-band fractional flux distributions of SNe 
and long-duration Gamma Ray Bursts. This figure is Fig. 2 from 
iKellv et al.l ll2008l l. and is reproduced with permission of the AAS. 
We thank Pat Kelly for consent to use this figure. 


higher metallicity central parts of galaxies. In the single 
star progenitor scenario this is predicted to be the 


driven winds fe.g. 

Puls et al. 19961: Kudritzki & Pulsl 

2000: Mokiem et al. 

20071). and therefore lose a greater 

proportion of their envelopes and hence explode as 


SNe Ibc rather than SNe II. This conclusion has also 
been further supported by global host galaxy studies, 
where SNe Ibc are found to occur in more massive 
galaxies than SNe II ( Prantzos fc Boissiei 20o5 


Boissier fc PrantzosI 20091 although see Arcavi et al 


2010 l for how this is complicated when one separates 


SNe into their further sub-types), presumed to be more 
metal rich, and higher me tallicity galaxies t hrough 
direct global measurements (IPrieto et al.ll20083) . How¬ 
ever, when one separates host galaxies by their degree 
of disturbance, metallicity as the dominant factor in 
explaining radial distributions of CC SNe becomes 
untenable. 

Separating CC SN host galaxies by their degree of 
distur bance was first achieved by iHabergham et aF 


(201 fll) . a nd a further analys i s and discussion was pre¬ 
sented in Habergham et al. ( 20121 ). This classification 
separated host galaxies into three groups: undisturbed 
hosts, disturbed hosts, and an extreme sample which is 
generally dominated by major mergers (see examples 
of this last group in Fig. 8). Galaxy classification was 
achieved using a series of selection criteria such as 
asymmetries, the appearance of a close companion, etc. 


PASA (2015) 

doi: 10.1017/pas. 2015.XXX 










































































SN environments 


9 



0.0 0.2 0.4 0.6 0.8 1.0 

FRACTIONAL RADIAL R-BAND FLUX 


Figure 4. Histograms of the Fvr distributions of CC SNe in 
undisturbed galaxy systems. In the bottom panel the SN II pop¬ 
ulation is presented, and in the middle panel the SNe Ibc. In the 
top panel the cumulative distributions of both populations are 
presented. 


DISTURBED GAUXY SAMPLE: SNII SNIbc 



Figure 5. Histograms of the Frji distributions of CC SNe in dis¬ 
turbed galaxy systems. In the bottom panel the SN H population 
is presented, and in the middle panel the SNe Ibc. In the top panel 
the cumulative distributions of both populations are presented. 


The reader is referred to iHabergham et alJ (j2012li for a 
full discussion. Her e, we add a further 67 CC SNe to the 
sample analysed in IHabergham et ah ( 2012 [ l , including 
SNe from the Carnegie Supernova Project (CSP), 
where we analyse host galaxy r'-band images originally 
obtained for light-cu rve host galaxy subt raction, and 
those SNe analysed in Kangas et al. w ho employ 

the same method as lAnderson et ah ( 2012 ). The final 
sample discussed here is of 347 CC SNe. This is split 
into: 226 SNe H (where we include those SNe classified 
as ‘IP, ‘HP’ and ‘HL’), 50 SNe Ib, 65 SNe Ic and a 
total of 121 SNe Ibc. We excl ude from this analysis 
both SNe Hb and SNe Hn (see Habergham et al. 1 120141 
for a discussion of the radial distribution of SNe Hn). 

For each SN in the above sample we calculate an 
Fru which gives a measure of where within the radial 
distribution of i?-band light of their host galaxies they 
exploded. The sample is then split by the degree of 
disturbance, and we plot the resulting histograms and 
cumulative distributions in Figs. 4 through 6. In Table 
1 we give the mean Fru values for each population in 
each of the three galaxy samples, together with their 
overall values. Also presented are the KS-test statistics 
which give ‘D’ parameter indicating the amplitude of 
the difference between two populations and the proba¬ 
bility ‘p’ that the SNe 11 and SNe Ibc distributions are 
drawn from the same parent population. 


EXTREME GAUXY SAMPLE: SNII SNIbc 



FRACTIONAL RADIAL R-BAND FLUX 


Figure 6. Histograms of the Frji distributions of CC SNe in the 
most disturbed galaxy systems. In the bottom panel the SN H 
population is presented, and in the middle panel the SNe Ibc. In 
the top panel the cumulative distributions of both populations 
are presented. 
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Table 1 CC SNe Frji distributions and KS-test statistics 


SN distribution 

Number of SNe 

Mean Frn 

KS-test D 

KS-test p 

Undisturbed sample 





SNe II 

118 

0.578 



SNe Ibc 

51 

0.483 

0.224 

0.048 

Disturbed sample 





SNe II 

85 

0.489 



SNe Ibc 

51 

0.376 

0.259 

0.023 

Extreme sample 





SNe II 

23 

0.507 



SNe Ibc 

19 

0.347 

0.380 

0.074 


Table 1 In column 1 the SN distribution type is listed, followed by the number of events analysed in column 2. Then the mean Frji 
value is listed for each distribution. For each set of two distributions the KS-test ‘D’ and probability value ‘p’ are listed in columns 4 
and 5 respectively. 


Analysing Figs. 4 through 6 and Table 1 we see 
the following trends. In all cases the SN Ibc popula¬ 
tion is more centralised within host continuum ii-band 
light than the SNe II. However, this centralisation be¬ 
comes more apparent as one moves from the undis¬ 
turbed through the disturbed and finally in the ex¬ 
treme disturbed samples. This can be seen in the plots 
but also in the KS-test ‘D’ values in Table I which in¬ 
crease as one moves from undisturbed to disturbed host 
galaxy samples. The figures show that this is mainly 
driven by an excess of SNe Ibc in the centres of dis¬ 
turbed galaxies. This is to say: as a galaxy sample be¬ 
comes more disturbed SNe Ibc become more centralised 
within their host galaxy light. It is also interesting to 
note the decrease in the ratio of SNe II to SNe Ibc be¬ 
tween the galaxy samples. In the undisturbed sample 
the ratio is 2.3, then 1.7 in the undisturbed sample, 
and finally 1.2 in the extreme sample, i.e. the number 
of SNe Ibc to SNe II increases significantly as the de¬ 
gree of host galaxy sample distu rbance increases. This is 
consistent with previous wo rk ( Habergham et al. 20I0l 
120121 : iHakobvan et ahlEoidl l. 


Throughout this review we show that there exist sig¬ 
nificant differences in the environments of SNe Ib and 
SNe Ic. In Fig. 7 we present the Fru distributions for 
the individual SN Ib and SN Ic populations when the 
galaxy sample is split into undisturbed and disturbed 
galaxies (an extreme sample is not discussed here due 
to the low number of events in that distribution). In 
Table 2 the mean values and KS-test statistics between 
these samples are listed. It is observed that here the 
difference between populations is more pronounced in 
the undisturbed samples (while above the difference 
between SNe II and the overall SN Ibc samples was 
more pronounced in the disturbed and extreme sam¬ 
ples). SNe Ic are found to occur more centrally than 
SN Ibc in both undisturbed and disturbed galaxy sam- 



0 —'—'—'—'—'—'—'—'—'—'—'—'—'—'—'—'—'— 

0 0.2 0.4 0.6 0.8 1 


FRACTIONAL RADIAL R-BAND FLUX 


Figure 7. Cumulative Fru distributions for SNe Ib and SNe Ic 
after host galaxies have been split into undisturbed and disturbed 
samples. (Note, here we do not plot the separate extreme sample 
due to a lack of statistics, but this also forms part of the disturbed 
sample.) 


pies, however the effect is significantly larger in the for¬ 
mer. 

While SNe Ibc are more centrally concentrated than 
SNe II in disturbed systems, the explanation of this 
finding is not simple, and it is not clear that metallicity 
effects are responsible. While metallicity gradients 
are observed in most galaxies, they can become much 
weaker or even non-existent in disturbed/merging 
galaxies (see e.g. Kewlev et al.ll2010l and most recently 


PASA (2015) 

doi: 10.1017/pas. 2015.XXX 





























SN environments 


11 


Table 2 SN Ib and SN Ic Fr^ distributions and KS—test statistics 


SN distribution 

Number of SNe 

Mean Frji 

KS-test D 

KS-test p 

Undisturbed sample 





SNe Ib 

20 

0.594 



SNe Ic 

27 

0.390 

0.393 

0.042 

Disturbed sample 





SNe Ib 

30 

0.437 



SNe Ic 

38 

0.348 

0.262 

0.322 


Table 2 In column 1 the SN distribution type is listed, followed by the number of events analysed in column 2. Then the mean Frji 
value is listed for each distribution. For each set of two distributions the KS-test ‘D’ and probability value ‘p’ are listed in columns 4 
and 5 respectively. 


Sanchez et al.l 120141) . During the process of interaction 


pristine gas flows to the inner parts of the system, 
enriching the central pa rts of galaxies with low abun¬ 


dance material (see e.g. iHibbard fc van GorkomI 11996 ; 


iRampazzo et al.l 120051 : iKewlev et al.l 2006ll . In other 
words, metallicity gradients are stronger in undisturbed 
systems, and hence any progenitor metallicity effect 
between SNe II and SNe Ibc should be stronger in 
undis turbed systems t han d isturbed ones. We also note 


that I Sanchez et al. ( 2014 ) showed that metallicity 


gradients can in fact invert in the very central regions, 
which can further complicate the interpretation of SN 
radial distributions. 

When we separate the SNe Ibc into Ib and Ic 
classes we see that the results are reversed. Now, 
the differences between the radial positions are much 
larger in undisturbed systems (indeed it is insignificant 
in disturbed systems). In this case the most likely 
cause is indeed environment metallicity, with SNe Ic 
preferring to explode in the higher metallicity central 
regions of galaxies with significant metallicity gradients 
(consistent with the Hii region metallicity results 
presented below). Before moving on we reiterate the 
main points from this radial analysis: 


□ Differences between the distributions of Frj^ val¬ 
ues of SNe II and SNe Ibc increase as one moves 
from undisturbed to disturbed host galaxy sam¬ 
ples. 

□ In disturbed/interacting systems SNe Ibc are 
much more centrally concentrated within galax¬ 
ies than SNe II. 

□ There is a central excess of SNe Ibc in the central 
regions of disturbed galaxies compared to host 
galaxy continuum light. 

□ Differences in the radial distributions of CC SNe 
cannot be dominated by progenitor metallicity ef¬ 
fects. 
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□ However, in the undisturbed sample SNe Ic are 
seen to be more centrally concentrated than 
SNe Ib, hinting at a metallicity effect between 
these two sub-types. 


In Habergham et all ( 2010l ) and Habergham et al 


(2012 t ) it was speculated on how these results can thus 
be understood after discounting progenitor metallicity 
effects. Indeed, it was suggested that the centralisation 
of SNe Ibc in disturbed systems could indicate that in 
these dense violent SF processes induced in the central 
regions of these galaxies, that the Initial Mass Function 
(IMF) is biased to the production of more massive 
stars, and hence a higher proportion of SNe Ibc to 
SNe II is produced. It is also possible that in the central 
regions of these galaxies there is a higher fraction of 
interacting binaries, and hence a higher number of 
SN Ibc explosions. Both of these possi bilities were also 


consid ered in the radial analysis of iHakobvan et al 
(120091) ■ and are furthe r discussed below. 


Kangas et al. ( 201,‘lh also analysed CC SN host galax¬ 


ies using the same radial analysis as discussed above. 
These authors concentrated on SNe within infrared 
bright galaxies (many of which are star bursts), finding 
very similar results our analysis where we combine 
their sample into our large ra dial analysis d atabase. A 
further interesting result from iKangas et is that the 
SNe II in their sample were found to prefer to explode 
in the outer regions of the AT-band light of their hosts. 


3.3 Host H II region metallicities 

The first statistical study of SN environmental metal¬ 
licities concentrated on probing differences between 
broad-line SNe Ic that had or had not accompanied 
LGRBs , finding lower ox ygen abundances for the 
latter (jModiaz et al.l 120081 ). This suggests that low 
metallicity is an importan t parameter in p roduc ing 
these extreme events. In Anderson et al.l ( 2010l) a 




























































12 


Anderson et al. 



Figure 8. Examples of the most disturbed galaxy systems where 
CC SNe have exploded in the very ce ntral regions. This figure 
is Fig. 5 from iHabergham et al.l ll201Cll l. and is reproduced with 
permission of the A AS. 


comparison was made between SNe II and SNe Ibc 
environment oxygen abundances. It was concluded that 
any implied progenitor metallicity difference between 
these SN types was relatively small. That study also 
suggested that the difference between SNe Ib and 
SNe Ic Hii region metallicities was sma ll. However, this 
was contested bv iModiaz et al.l (|201lll . who claimed a 
difference in that SNe Ic arise from regions of higher 
oxygen abundance. These findings were interpreted 
as evidence for more complete envelope-stripping in 
high metallicity progenito rs, indicating a dom inant 
role for line-driven winds. iLeloudas et al.l (120111) also 
presented an analysis of SNe Ibc environment oxygen 
abundances finding something in between those two 
previous studies. A sample of SNe Ibc formed from 
exclusively nq n -targe ted SN searches was presented by 
ISanders et al. ( 20I2ll . Those authors concluded that 
only a small difference between SNe Ib and SNe Ic 
environment oxygen abundance existed, and also 
analysed previous work in the literature to conclude 
that any difference between SNe II and SNe Ibc Hii 
region oxygen abundances was small. A sample of 


SNe II from the un-targeted search pr o gram PTF 
(Palomar Tr ansient Fa c tory, iRau et all I 2 OO 9 I I was 


published bv IStoll et al.l ( 2013ll . This study looked in 


detail at the properties of their sample, and found 
that it had a very similar oxygen abundance distri¬ 
bution to SN II samp ks drawn from galaxy targeted 
surveys (i.e. that in lAnderson et al.l 1201(1) . This is 


somewhat surprising, as it is generally assumed that 
a sample drawn from targeted searches will be biased 
towards SNe in more massive, metal rich host galaxies, 


compared with those found within un-targeted rolling 

searches. Most recentlv 

Kuncaravakti et al. ( 

2ni,1al) 

and Kuncaravakti et al. 

(2013bl^ published SN H and 


SN Ibc samples of Hii region oxygen abundances, 
where they focussed on very nearby events and anal¬ 
ysed IFU spectroscopy, attempting to identify specific 
parent stellar clusters. Again, they found only marginal 
evidence for an implied metallicity difference between 
the two SN samples, although SNe Ic were found to 
occur in regions of higher oxygen abundance than 
SNe Ib. 

In light of the significant number or studies 
above, we proceed to present a meta-analysis of 
all CC SN Hii region oxygen abundance measure¬ 
ments. We also include unpublished values from the 
CALIFA survey, which will be presented in Gal- 
bany et al. (in preparation). In our final sample 


with those from: Moc 

az et al.l (2008). Thdne et al. 

(2009), 

Anderson et al. 

(2010l). Modiaz et al.l ( 

2011), 

Leloudas et al. (2011 

Anderson et al.l ( 

2011), 

Prieto et al. (2012). Habergham et al.l ( 

2012). 

Van Dvk et al. (20121). Sanders et al. (20121). Stoll et al. 

(2013). 

Tomasella et al 

(2013). Kuncaravakti et al. 

(2013a 1 

). Inserra et a 

. (2013). and Taddia et al. 

(2013b i 

Our final sample is of 245 CC SN host Hii 


region oxygen abundances. Here we only choose to 
analyse SNe H (120 SNe, where this includes SNe HP, 
SNe HL and those events classified as simply SNe H in 
the literature), SNe Ib (56) and SN Ic (59, with a total 
of 125 SNe Ibc), to be consistent with the previous 
pixel statistics and radial analyses presented above. It 
is noted that here we include data from many different 
sources, where data reduction and spectral extraction 
may be different between samples. These samples 
also come from different SN search sources, including 
targeted and un-targeted searches, which again brings 
issues such as differences in relative ratios of SN types. 
However, our aim here simply to bring all the relevant 
data together in one place, and use significant statistics 
to investigate whether there indeed exist any statistical 
differences in implied host H ii region metallicities. 


®We include all measurements that can be considered of the ‘en¬ 
vironment’ of individual SNe. In practice this means that we use 
values extracted at ‘the nearest Hll region’, in addition to those 
at exact explosion sites. 
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In Fig. 9 we present the cumulative oxygen abun¬ 
dance distributions of the main CC SN types. All 
mean values, and KS-test D and p values are listed 
in Table 3. It is observed that while essentially all 
distributions have statistically very similar implied 
environment metallicities, the SN Ic population has 
the highest mean value. Statistically speaking we find 
no evidence for environment and hence progenitor 
metallieity differences between SNe II and the overall 
SN Ibc population. We note that there is a suggestion 
that SNe Ic have higher metallicities than SNe Ib, 
but this is not statistically significant. In Fig. 10 we 
show the ratio of SNe II to SNe Ibc as a function of 
host Hii region oxygen abundance. Here we simply 
split the sample into five equally-sized bins (in terms 
of numbers of SNe). Errors on ratios are Poissonian. 
The ratio is essentially fiat with metallieity, with some 
suggestion that the SN Ibe/SN II ratio decreases in the 
lower bin (which has a mean I2-|-log(0/H) of 8.29). 
In Fig. 11 we further split the sample and show how 
the ratios: SN Ib/II, SN Ib/Ic, and SN Ic/II change 
as a function of host Hii region oxygen abundance. 
The SN Ib/Ic ratio appears to increase slightly with 
decreasing metallieity. The SN Ic/II ratio is fiat with 
oxygen abundance, while the SN Ib/II ratio appears 
to increase slightly. Again we emphasise the low 
significance of all of these trends. We list the important 
results from this CC SN H ii region metallieity analysis: 



Host HII region oxygen abundance (PP04) 
[12+log(0/H)] 


Figure 9. Cumulative distributions of CC SN host Hll region 
oxygen abundance. Here we show the SN II, SN Ib, SN Ic and the 
combined SN Ibc populations. 


interactions. We return to this conclusion in § 4. 


□ Overall we find only small, statistically insignifi¬ 
cant differences in the environment oxygen abun¬ 
dances of SNe II, SNe Ib and SNe Ic. 

□ There is a suggestion that the ratio of SNe II to 
SNe Ibc increases in the lowest metallieity bin. 

□ The SN Ib to SN Ic ratio appears to increase with 
decreasing oxygen abundance. 


These results suggest that progenitor metallieity is 
not a driving parameter in producing the majority 
of CC SN diversity. This obviously does not rule 
out metallieity playing a part in producing specific 
SN sub-types, or changing the properties of more 
specific transient features (other than simple type 
classifications). However, this does seem to suggest 
that other parameters such as progenitor mass and/or 
the presence and influence of a binary companion 
are much more d ominant. Indeed, given that single 
stella r models (see Heeer et al. 20 ^ Eldridee fc Tout 


2004 : Georgy et al. 20091 : Ibeling fc Hegei 20I3[l pr^ 
diet a strong dependence SN type production with 
respect to progenitor metallieity, the above results 
(and those published in the literature p reviously, see 
Anderson et al. 2010l : [Anders et ^12012 for combined 
SNe H and SNe Ibc analyses) indicate that a significant 
fraction of CC SNe are the result of massive star binary 


3.4 Further environment studies 


In this section we summarise and discuss CC SN 
environment studies which do not fall easily into 
previous sections. Integral Field Unit (IFU) spectro¬ 
graphs allow one to obtain both spatial and spectral 
information simultaneously. In § 5 we discuss the 
future of environment studies where we argue that 
IFUs will play a dominant role , follo wing surveys 
such as CALIFA ( Sanchez et al.l l20I2ll . and using 
new facilities such as the rec ently commissione d 
MUSE instrument a t the VLT ( Ba£on_^^_ah _ 201T b 


Kmicaravakti et al.l (j2013b[ l and iKnncaravakti et al 
( 2013ah presented IFU environment studies of 11 


SNe H and 13 SNe Ibc respectively. They used the 
power of IFU observations to first identify the nearest 
stellar cluster to SN explosion positions, before ex¬ 
tracting the spectrum at that position. Environment 
oxygen abundances were then estimated using the 
same strong emission line diagnostics as outlined above 
finding similar distributions for SNe H and SNe Ibc. 
These authors also measured Ha Equivalent Widths 
(EWs) which they used to trace the age of the local 
stellar population, which can then be translated to 
progenitor masses using stellar evolution models. In 
Fig. 12 we reproduce the mass-metallicity figure from 
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Table 3 CC SN Hii region oxygen abundances and KS-test statistics 


SN distribution type 

Number of SNe 

Mean 12+log(0/H) 

SNe H 

120 

8.57 

SNe Ibc 

125 

8.59 

SNe Ib 

56 

8.56 

SNe Ic 

59 

8.61 

SN populations 

D 

P 

SNe H-Ibc 

0.09 

»10% 

SNe Ib-Ic 

0.21 

-15% 

SNe Ib-H 

0.11 

»10% 

SNe Ic-H 

0.13 

»10% 


Table 3 In the top panel in column 1 the SN distribution type is listed, followed by the number of events analysed in column 2. Then 
the mean Z value is listed for each distribution. In the bottom panel column 1 indicates the two distributions being compared, and 
columns 2 and 3 list the KS-test D and p values between those distributions. 


CO 



8.2 8.4 8.6 8.8 

Host HII region oxygen abundance (PP04) 
[12+log(0/H)] 



Host HII region oxygen abundance (PP04) 
[12+log(0/H)] 


Figure 10. The ratio of SN Ibc to SN II events as a function of 
host H II region oxygen abundance. The full sample of CC SNe 
are simply split into five bins of equal size (in terms of number of 
measurements) of oxygen abundance. 


Figure 11. Top: the ratio of SNe Ib to SNe Ic as a function of 
host H II region oxygen abundance; Middle: the ratio of SNe Ic 
to SNe II; Bottom: the ratio of SNe Ib to SNe II. In all three 
histograms the samples are simply split into three equal sized 
bins of oxygen abundance. 


Kuncaravakti et al. ( 2013bll . where measurements 


were compared to both model predictions and SN II 
direct progenitor detections. It was concluded that a 
number of SNe Ibc were associated with stellar clusters 
with ages consistent with relatively low progenitor 
masses, where the implied progenitor scenario would 
be binary systems. In addition, in some cases relatively 
high progenitor masses were derived for SNe II. In 
Fig. 13 we reprodu c e the H a EW distributions from 
iKuncaravakti et^ ( 2013b ). which show differences 


between SNe IIP, SNe IIL, SNe Ib and SNe Ic. While 
the statistics are limited, it appears that Ha EWs 
are generally similar between SNe IIP and SNe Ibc, 
with some suggestion that those for SNe Ic are slightly 
larger, possibly consistent with the Ha pixel statistics 
presented above. The EWs of SNe IIL appear to have 
a tendency for very large values, implying high mass 
progenitors. However, we caution that these studies are 
currently limited by low statistics, where issues such as 
associating a particular cluster to a parent progenitor 
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population may become problematic. A significant 
number of new observations have been obtained for 
this study, and results fr om a larger sample promise 
to be enlightening. The iKuncaravakti et ^ studies 
concentrate on very nearby SNe where on e is res olving 
individual stellar clusters. iGalbanv et al. ( 20141) used 
lower resolution IFU observations to also measure Ha 
EWs at the explosion sites of SNe (and in addition 
analysed various measures of the association of SNe to 
SF region, see below). In Fig. 14 Ha EW distributions 
for SNe la, SNe H and SNe Ibc are displayed. As 
expected, SN la environments have the lowest EW 
distribution. It is interesting that here the SNe Ibc 
appear to explode in regions of slightly higher EW 
than SNe H, indicating younger ages, and therefore 
slightly higher masses for the former. Again, larger 
samples and further analysis are needed to build on 
these studies. 

Another distinct environment analysis which has yet 
to be discussed, is mult i-colour photometric analysis. 
iKellv fc Kirshnei ( 2012ll presented a large statistical 
analysis of 519 CC SN environments deriving various 
parameters for the unresolved stellar populations 
found at explosion sites. In Fig. 15 we present their 
environment w'-band surface brightness against u' — z' 
colour plot. SNe Ic BL (broad-line) and SNe Hb were 
observed to explode in significantly bluer regions of 
their hosts than other SN types, while the u'-band 
surface brightness of SN Ic and SN Ib environments 
was observed to be higher than those of SNe H, again 
somewhat consistent with the Ha pixel statistics 
above. These differences in environments suggest some 
differences in progenitor properties such as age or 
mass (possibly related to u'-band surface brightness) 
and metallicity (relating to environment colou r ). An - 
other interesting result from Kelly h Kirshnei! ( 20121) 
was that no significant difference was found in the 
environment properties of SNe Hn and the ‘normal’ 
SN H population. This argues for similar progenitor 
properties, a conclusion that w ill be further strength¬ 
ened below. Kelly fc Kirshn^ presented a number of 
other interesting environment and global host galaxy 
measurements, and the reader is encouraged further 
explore that publication. 


3.5 SN la environments 

This review concentrates on the environmental proper¬ 
ties of CC SNe, as those have been the most widely stud¬ 
ied. However, especially in the most recent years work 
has been published on the local environments of SNe la. 
Civen the much longer expected delay times of SNe la, 
interpreting environmental results becomes more dif¬ 
ficult as progenitors have possibly travelled large dis¬ 
tances before explosion. However, some intriguing re- 
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Figure 12. Progenitor age against progenitor metallicity plot. 
SN environment ages and metallicities are derived using IFU 
spectroscopy. These are compared to a model grid taken from 
lOeorev et al.l ||2009|). and also SN II direct progenitor detec¬ 


tions from 


SmarttetaL U^). This figure is Fig. 17 taken from 
IKuncaravakti etTLni^l3tJl and is reproduced by permission of 
the A AS. 


s uits have beeii publis hed. 

_ Rasldn^^^H (|200^ used a modified version of the 

Frtichter et al.l ( 200fil ) fractional flux method to anal¬ 


yse SN la environment pixel statistics, comparing ob¬ 
servations to analytical galaxy models, concluding that 
even the ‘prompt’ component of the S N la population 
has d elay times of several 100 Myrs. IStanishev et al.l 
( 20121 ) presented a first IFU study of SN host galaxies, 
analysing the spatial and spectral information obtained 
for a sample of six SNe la, and showing the capabil - 
ities of using such observations. Rigault et al.l ( 2013 ) 
also used IFU observations of a large sample of SN la 
host galaxies. These authors concentrated on measuring 
the strength or presence of Ha emission at the explosion 
sites of SNe la. They found that SNe where emission was 
indeed detected have redder colours than those where 
no emission is detected (a similar re sult was also found 
by Anderson et al. 20151 see below). IWang et ^ ( 2013 ) 
speculated that two distinct populations of SN la pro¬ 
genitors exist, with those events having higher ejecta 
velocities being more centrally-concentrated than their 
lower-velocity counterparts. However, this result has 
recently b e en qu es tioned in an i n depen dent study by 


Pan et al.l (|2015|). iRigault et al.l (|2013f ) showed that 


SNe la associated with local Ha emission are more ho- 
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Figure 13. Ha EWs of the stellar population observed within the 
parent stellar clusters of CC SNe, derived from IFU spectroscopy. 
SN IIP, IIL, Ib and Ic distributions are presented. A larger EW 
indicates a yo unger age. This figu r e is an edited version of Fig. 
18 taken from [l^ncaravakti et ahl ll2013bl l and is reproduced by 
permission of the A AS. 



Figure 15. u'-band surface brightness against u' — z' colours of 
CC SN environments. The larger inset shows the two parameters 
plotted against each other, while above and to the right are the 
cumulative distributions of e a ch pr operty. This figure is Fig. 2 
taken from iKellv &: Kirshn^ ll2012l l , and is reproduced by per¬ 
mission of the A AS. We thank Pat Kelly for consent to use this 
figure. 



Figure 14. Ha EWs of the stellar population observed at the 
explosion sites of SNe, derived from IFU spectroscopy. SN la, II, 
and Ibc di stributions are presen ted. This figure is part of Fig. 13 
taken from iGalbanv et al.[ll2014l l and is reproduced by permission 
of A&A. 


mogeneous and give a lowe r dispersion when u sed as 
distance indicat ors (also seelRigault et al.ll2015ll . Sub¬ 
sequent work by Kelly et al. ( 2015ll identified a sub-set 
of SNe la which exploded in environments of high UV 
surface brightness and SF surface density, which gave 
significantly more accurate distance measurements than 
SNe la in all environm ents. These resu l ts were predicted 
in th e recent work by Childress et al. ( 2014bll . 

In Anderson et al. ( 2015h the measurements de¬ 
scribed in § 2.1 and § 2.2 are used to study a sample of 
~100 literature SNe la. Host galaxy NCR pixel statis¬ 
tics were obtained from near-UV through optical and 
near-IR imaging. It was found that the SN la popu¬ 
lation in star-forming galaxies most accurately follows 
the spatial distribution of host B-band light, as shown 
in Fig. 16. This implies that the dominant progenitor 
population of SNe la in star-forming galaxies has nei¬ 
ther very long delay times, i.e. they do not follow the 
near-IR J- or AT-band light, nor very short delay times, 
i.e. they do not follow the near-UV emission. In ad¬ 
dition it is shown in Fig. 17 that when the analysed 
SN la sample is split by SN colour at maximum, ‘red¬ 
der’ events are more likely to be associated with Ha 
emission that their ‘blue’ counterparts. This hints at 
host galaxy extinction driving the colour diversity of 
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FRACTION OF CUMULATIVE Ha SF 


Figure 16. Cumulative NCR pixel distributions for SNe la at 
distinct wave-band observations: Ha. near-UV, _B-, R-^ J- and 
R-band. This figure is taken from I Anderson et al.l (|2015| V 


Figure 17. Cumulative Ha NCR distributions for SNe la when 
the sample is split by SN colour at maximum light. The SN H 
distribution is a l so sho wn for reference. This figure is taken from 
lAnderson et al.l ll201Rh . 


SNe la. The reader is encouraged to read that paper in 
full for an overall view of SN la environments. 


3.6 The environments of SN sub-types 

Above we have focussed discussion on the environments 
of the main SN types. In such studies one needs suffi¬ 
cient statistics to enable comparisons between different 
SN populations to be enlightening. However, some stud¬ 
ies have looked at (observed) rarer SN types and studied 
their environments with the aim of providing progenitor 
constraints. 


3.6.1 Interaeting transients 

SNe Iln have historically been assumed to arise from ex¬ 
tremely massive stars, given the large amounts of CSM 
material implied from their interacti on-driven sp ectra. 
Indeed, it has been speculated (e.g. ISmith 2008) that 
their progenitors are Luminous Blue Variable stars 
(LBVs). In addition, in the case of SN 2005gl the 
progenitor star was constrained to be a very massive 
and pro bable LBV star from detect ion on pre-explosion 
images ( Gal-Yam fc Leonard 2009ll . In the case of the 
transient SN 2009ip (more details on the environment 
of this intriguing event below) pre-eruption data 
appear to suggest a very luminous, very massive star. 
If very massive star progenitors were the case for all 
SNe Bn then one would expect their explosion sites 
to be similar to the environments of very massive 


stars or other SNe expected to arise from such massive 
star populations. In Fig. 18 we plot the cumulative 
Ha NCR distributions of SNe Bn c ompared to those 


of oth er SN types, as taken from iHabergham et al 


(|2014l ). The surprising result is observed that SNe Bn 
show the lowest degree of association with host galaxy 
Ha emission of all CC SN types. This would appear 
to suggest that SNe Bn have lower progenitor masses 
than previously assumed. A specific analysis of SN B n 
environments is presented in IHabergham et al.l (|201J). 
In Fig. 19 cumulative NCR pixel statistics are shown 
with respect to host galaxy near-UV emission. This 
shows that the SNe Bn accurately trace the recent SF 
within their host galaxies, in a very similar fashion to 
SNe BP. The similarity of the distributions of SNe Bn 
and SNe BP with respect to both Ha and near-UV 
emission, suggests that their progenitor lifetimes, and 
hence masses are similar. In addition, in Figs. 18 and 
19 we also plot the SN Ic population. The SN Ic 
distributions are clearly offset from that of SNe Bn, 
and if we assume that SNe Ic arise from the highest 
progenitor masses of CC SNe, this is further evidence 
that SN Bn have relatively lower mass progenitors (we 
also note the differences in their radial distributions 


seen m 


Habergham et al.l 1201411 . Another interesting 


aspect of Fig. 19 is that SNe Ic show a higher than 
one-to-one association to the near-UV emission. This 
is consisten t with what was previously observed by 


Kelly et al.l (|2008l) investigating SN pixel statistics 
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with respect to host galaxy g'-band light and again 
implies that the most massive SF is clustered to the 
brightest UV regions within galaxies. 

There are a number of transients discovered where 
it is not clear whether they are the deaths of stars, or 
a large scale eruption which produces a bright (but 
significantly dimmer than most SNe) transient. These 
transients have spectra very sim ilar to SNe Iln, and 
are named SN ‘im posto rs’ (see |vanJ3Yk et_aL 2001)1: 
Maiind et al.l l2006l and Kochanek et al.l 20121 for a 
recent discussion). The environmen ts of these events 


were a lso analysed and discussed in iHabergham et al 


( 2014ll . and their pixel statistics are shown in Figs. 18 


and 19. Here we find that ‘impostors’ show an even 
lower degree of association to SF within galaxies than 
SNe Iln. However, it is important to note that the 
much lower luminosities of ‘impostors’ compared to 
other SNe means that significant selection effects could 
be at play in the discovery of these transients against 
bright H II regions. 

SN 2009ip is a transient with an unclear nature. 
Indeed it is still debated whether the star has fi¬ 
nally terminally exploded or that the transient is 


(Smith et al. 

2010: Prieto et al. 201.81: Pastorello et al. 

201.81: Mauer 

lan et al. 201.81 IFraser et al.l 201.81: 

Margutti et al. 

12014 

Smith et al.ll20l4 Graham et al. 

2014: Mauerhan et al. 

20141. One extremelv interesting 


aspect of this transient that is often overlooked is the 
region within its host galaxy where it expl oded, i.e. its 


enviro nment. As outlined in particular in iFraser et al 


(l2013ll . SN 2009ip occurred in the very outer regions 
of its host galaxy, more then 4 kpc from the galaxy 
centre, with the vast majority of the host galaxy light 
being contained within the isophotal ellipse that passes 
through the SN position (indeed, iFraser et al.l 1201.81 
estimated an va lue of ^1). This is shown in Fig. 
20 , reproduced from Fraser_et_alJ (201^. While it has 
been shown in IHabergham et al.l (|2014l) that SNe Hn 
and ‘impostors’ are generally found to more frequently 
explode within the outer regions of hosts than e.g. 
SNe HP, SN 2009ip is still at the extreme of these 
distributions. The explosion site of SN 2009ip is some¬ 
what surprising given that there are strong indications 
that the progenitor was o r is a very massive star of 
>60 Mq (jFolev et al.ll2011 ). However, there is no sign 
of on-going or recent SF in the immediate vicinity of 
SN 2009ip, and neither is there an y discernible spira l 
arm near to the explosion location ([Fraser et al.ll2013r) . 
If the progenitor of SN 2009ip was such a massive 
star, as seems to be the case, then its environment 
is puzzling. It may be that this transient is simply 
an example of extreme isolated SF. It is also possible 
that the radial position of the explosion implies a low 
metallicity environment and hence progenitor. For 



Figure 18. Cumulative Ha NCR distributions of the interacting 
transients SNe Iln and ‘impostors’ as compared to SNe la, SNe II, 
and S Ne Ic. This figure is Fig. 5 taken from IHabergham et ^ 
il2ni4i . 


now the environment of SN 2009ip remains a mystery, 
however it will be intriguing whether such isolated 
regions within galaxies are typical of these types of 
events, once a statistical analysis is possible in the 
future. 


3.6.2 SNe lib 

As noted in the introduction, SNe Hb are transitional 
events that first show signs of hydrogen (hence the 
‘H’), which then fades and the SNe appear similar to 
SNe Ib. Their relative rarity dictates that statistical 
studies of their environments lack significant numbers. 
H owever, some interestin g trends have been observed. 
In I Anderson et aP ( 2012 1 it was found that SNe Hb ap¬ 
peared to accurately trace host galaxy SF, and there 
was a suggestion that the degree of association was 
higher than that of SNe Ib. In Fig. 15 it can be seen 
that SNe Hb have significantly bluer environments than 
most other CC SNe. In addition, there is some sugges¬ 
tive evidence that SNe Hb prefer to explode in lower 
metal licitv environments t han the majoritv of o ther CC 
SNe ( Modiaz et al. 2011 : Sanders et al.l 2012 1. Hence, 
the environments of SNe Hb do show differences to those 
of other CC SNe, which may give clues as to their spe¬ 
cific progenitor properties. However, additional statis¬ 
tics are needed before concrete conclusions can be made 
on progenitors. 
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Figure 19. Cumulative near-UV NCR distributions of the in¬ 
teracting transients SNe Iln and ‘impostors’ as compared to 
SNe la, SNe II, a nd SN e Ic. This figure is Fig. 6 taken from 
iHabergham et S ll2014l i. 



3.6.3 SNe Ic BL 

A sub-set of SNe Ic are known as SNe Ic Broad-Line 
(BL), as their spectra show significantly broader fea¬ 
tures, indicating significantly higher ejecta velocities 
(and hence more energetic explosions). These events are 
of particular interest be cause of their link to LGRBs 
( Wooslev fc Blooinll2006ll . Studies of their environments 
have shown that SNe Ic BL usually explode in low- 
metallicity environm ents, in particular less metal rich 
than ‘normal’ SNe Ic ( Modiaz et al I2OIII: I Sanders et al. 


l2012ll . However, those SNe Ic BL which accompany 
LGRBs appear to explode in even lower metallicity 
environments than SN e Ic BL without L GRBs (see 
Modiaz et al.l 2008 and Modiaz et al. 201lll . As shown 


m Fig. 15, Kelly fc KirshneiT i 2012 1 demonstrated that 
SNe Ic BL, like the SNe Ilb above, explode in blue en¬ 
vironments, indicated by the u ' — z' colour at the ex¬ 
plosion site. Kelly &: Kirshnei ( 20I2ll speculated that 
for both SNe lib and SNe Ic BL that the blue environ¬ 
ments are linked to the low metallicity of those same 
locations. 

3 . 6.4 87A-like events 


Taddia et al.l (l2013all studied specifically the environ¬ 


ments of SNe with similar properties to SN 1987A. 
SN I987A is the closest SN observed in the mod¬ 
ern era of astronomy. SN 1987A was peculiar in 
that its light curve showed a slow extended rise 


Figure 20. The environment location of SN 2009ip w ithin its host 
galaxy . This figure is a reproduction of Fig. 22 from iFraser et all 

feoisT) . 


(see e.g. Arnett et al. 19891) . There are now a hand¬ 
ful of si milar SNe which have been discovered and 
studied (IPastorello et al.l 2005 : Kleiser et al.l 2011 


Pastorello et al. 2012 : Taddia et al. 2012 : Arcavi et al.l 
2012 ). SN 1987A itself exploded in the Large Magellanic 
Cloud at a distance of only 50 kpc. The wealth of in¬ 
formation from pre-explosion observations enabled de¬ 
tailed studies of its progenitor star which was observed 
to be a blue supergiant star. Given the unusual nature 
of this SN, it is interesting to ask whether these pecu¬ 
liarities are related to the specific environment within 
w hich it exploded. 


Taddia et al.l ( 2013al) studied the environments of 13 


87A-like SNe using very s imilar methods to th ose out¬ 
lined above. Fig. 21, from iTaddia et ah ( 2013al ). shows 
the cumulative distributions of the 87A-like popula¬ 
tion with respect to other CC SNe in terms of: host 
galaxy absolute magnitudes; galacto-centric radial po¬ 
sitions; and host Hii region metallicities. It appears 
that 87A-like SNe prefer environments with somewhat 
lower metallicities than other CC SNe, as indicated di¬ 
rectly by the measured oxygen abundances of their host 
HII regions, and confirmed by their fainter host galaxy 
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lumin osities and hig her radial distances within these 
hosts. iTaddia et al.l also investigated NCR values for 
their 87A-like sample, finding a similar distribution to 
SNe IIP. 

3.6.5 SNe lax 


SNe lax is the term proposed by iFolev et al.l (|2013ll 
for a set of SNe which have peculiar features that 
strongly distinguish them from all other classes of SNe. 
While they are spectroscopically similar to SNe la, 
they have significantly fainter peak magnitudes and 
lower expansion velocities at maximum light. Indeed, 
it is still not completely clear whether these events 
are thermonuclear or CC in nature. Investigations 
into their environ ments seem t o im ply relatively 
young progenitors. Lvman et al.l ( 20I3ll showed that 
SNe lax have a similar degree of association to host 
galaxy on-going SF as SNe IIP, and used this to 
argue for progenitors with delay ti mes of less than 50 
Myrs. It is interesting to note that iFolev et al.l (|2014r) 
constrained the progenitor lifetime of the extreme 
SN la x SN 2008ha t o be l ess than 80 Myrs. Mean¬ 
while McCullv et al. ( 20I4I) presented pre-explosion 
data of the SNe lax SN 20I2Z, and speculated that 
the progenitor was a white dwarf accreting matter 
from a helium star, however they could not rule 
out a massive star origin. While the interpretation 
of these detections remains unclear, both appear to 
point towards relatively short-lived progenitors for 
SNe lax, consistent with their environmental properties. 


3.6.6 Ca-rich events 

SN 2005E was the first SN to be termed ‘Calcium-rich’ 
(Ca-rich), bv IPerets et al.l (2010 ll . A larg er sample of 
these events have now been presented (seel^rets et aT * 


I 2 OIII : iKasliwal et al.l 20I2t Valenti et al. 20I4[) . Ca- 


rich events are usually spectroscopically classified as 
SNe Ibc, but are significantly fainter and present 
unusually strong calcium features. As above for the 
SNe lax, it has been debated whether these events arise 


from massive star explosions (see e.g. iKawabata et al 


2QT3), or thermonuclear events. The stra nge locations 


of these events was noted for SN 2005E (Perets et al 


2 OIOII and SN 2005cz ( Perets et al.l 1201 ih . with both 


events occurring in non star-forming galaxies, and in 
the case of SN 2005E very far from their host galaxy . 
Indeed, in the compilation of IKasliwal et al.l (2012). 
these remote locations with large offsets from host 
galaxies were shown to be common. I Yuan et'^! ( 2013 1 
compared the locations of Ca-rich events with results 
from cosmological simulations, concluding that their 
progenit ors are likely to be o f low metallicity and very 
old age. iLvman et al. ( 2013 1 showed that the associ¬ 
ation of Ca-rich events with host galaxy SE is similar 
to that of SNe la, again favouring significantly delayed 


progenitors. Most recently, iLvman et al.l (|2014bri 
presented deep Hubble Space Telescope imaging of 
the explosion sites of Ca-rich events. The lack of any 
evidence of an underlying stellar population at the sites 
of these explosions led these authors to conclude that 
Ca-rich SNe are in fact high velocity kicked systems, 
which have moved with significant velocities from 
their birth sites, hence explaining their environment 
properties. 

So far we have not discussed differences in the envi¬ 
ronments of SNe IIP and SNe IIL. Results have indeed 
bee n published on the environments of SNe IIL (se e 
e.g. Anderson et al.l[2012l : Kuncaravakti et al. 2013bll . 
However, type HP/HL classifications in the literature 
are extremely subjective. In the next section we present 
discussion on relating environment properties to exact 
light-curve and spectral measurements of SNe H. 

Finally, we note that we have not discussed the envi¬ 
ronments of Super-Luminous SNe (SLSNe). While such 
studies are certainly interesting, most of the published 
work thus far has concentrated on global host prop¬ 
erties (see e.g. Neill et al. 201 iL Lunnan et al.l 2014a : 


Leloudas et al.ll20l4 IChen et al.ll2014f) . although a few 
very recent st udies have investigated their immediat e 
environments ( Lunnan et al ]l2014hl:lTh6ne et al.ll2ni4ll . 
It will be interesting in the future to apply the same 
methods as used above to study these mysterious ex¬ 
plosions. 

3.7 Correlating specific transient features 
with environment properties 

To date, environment and host galaxy studies have 
generally concentrated on investigating differences in 
the environmental properties of SNe when events are 
simply split by spectroscopic type. These typings are 
often somewhat subjective, and in the case of SNe HP 
and SNe IIL, spectroscopic typing without any further 
light-curve information used can simply be wrong. 
This is an issue with SN catalogues which are often 
not updated after initial classificatio ns are given in 
circula rs. Indeed, it has been shown in iGutierrez et al.l 
(120141) that while correlations between SN H spectral 
parameters and light-curve morphologies do exist, there 
is significant dispersion, which can lead to ambiguous 
spectroscopic classifications. In the case of SNe Hb and 
SNe Ib, the epoch at which the classification spectrum 
is taken can then lead to an event being typed into 
one class or the other (see e.g. Milisavlievic et aI1l2ni3l 
for discussion on this issue). Given these ambiguities it 
makes sense for future statistical studies to use more 
specific SN features to investigate environment trends. 
While historically this type of analysis was difficult 
due to the lack of large SN follow-up databases, recent 
years have seen a number of publications of statistically 
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Figure 21. Comparison of the environments of 87A-like events with other CC SNe. Left: cumulative host galaxy absolute magnitude 
distributions for CC SNe. Middle: cumulative il 25 normalised galacto-centric rad ial distributions of CC SNe. Right: cumulative host H II 
region oxygen abundance distributions for CC SNe. This figure is of Fig. 1 from iTaddia et ^ ll2013ah and is reproduced by permission 
of A&A. 


significant samples of CC SNe (SN la large samples 
have been relatively more widespread, as is seen in the 
analysis in § 3.5). SN II photometry, spectra and mea¬ 
sured paramete rs for large samples ha ve been recently 


(l2014b Gutierrez et al. (2014): Faran et al.l (20I4b^: 

Sanders et al.l(20I5l): Faran et al. (2014a). 

SNe Ibc and 

SNe Hb samples have been published in 

Drout et al. 

(2011): Bianco et al. ( 

20^4^: Modia.z et abl (20l4. 


This provides an opportunity to correlate environment 
properties to more specific features such as light-curve 
morphologies, the presence and form of specific spectral 
features and their evolution in time, and parameters 
that have a direct link to explosion and progenitor 
properties such as synthesised nickel mass. 

In this section we analyse the environmental prop- 
ert ies of the SN II samp le presented and analysed 


Anderson et al. ( 20I4bll . That work presented a 


sample of more than 100 well sampled I^-band light- 
curves from which key parameters were defined then 
measured. A full analysis of all parameters and all 
possible environment measurements will be left for 
future publications. Here we present a few interesting 
figures usin g the analysis me t hods o utlined in previous 
sections. In Anderson et al. ( 20I4b[l a parameter ‘ 52 ’ 
was defined to give the decline rate of SNe II during 
their ‘plateau’ phases (which are not necessarily flat, 
see that publication for in-depth discussion). Using 
such a parameter allows one to move away from simple 
‘IIP’ or ‘IIL’ classifications. In Fig. 22 we present near- 
UV NCR distributions for SNe II when the sample is 
split into low and high S 2 populations (slow and fast 
decliners). One can see that the faster decliners show 
a higher degree of association to the recent SF within 
galaxies. 

Host galaxy SN extinction is a key parameter in 


obtaining intrinsic SN brightnesses, however especially 
in the case of SNe H, a clear method for estimating this 
parameter is not forthcoming (see e.g. discussion in 
Faran et al. 2014bl l. One measurement which is often 
used to define the presence of host galaxy Ay and its 
amplitude is the EW of narrow sodium lines within 
spectra. However, the accurac y of this measurem ent 
is debated (see discussion in Phillips et al.l 120131 as 
applied to SNe la). It can be thus enlightening to 
see how sodium absorption within SNe H spectra 
changes as a function of environment. In Fig. 23 Fru 
distributions are plotted for SNe H which do/do not 
show the presence of narrow sodium absorption within 
their spectra. One can see that those events with 
detections occur at smaller galacto-centric radii than 
those without. This is to be expected as within the 
more central regions within galaxies a higher degree of 
ISM extinction is expected. 

Finally, in Fig. 24 we show SN H H ii region metal 


l icities. when the sample is split by the lAnderson et ah. 
(2014b|) parameter OPTd which is a measure of the 


optically thick phase duration of the light-curve and 
measures the time between explosion and the end of 
the ‘plateau’ stage. It is generally assumed that the 
length of this light-curve phase is related to the mass 
of the hydrogen envelope at the epoch of explosion. 
While the statistics are small, it is observed that SNe 
with longer OPTd phases appear to explode in higher 
oxygen abundance regions than their shorter OPTd 
counterparts. 


4 DISCUSSION 

In the above we have reviewed current results of 
SN environment studies, and shown that significant 
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Figure 22. Near-UV NCR distributions for SNe II when these 
SNe are split by their light- curve decline rate param eter: S 2 - The 
latter values are taken from I Anderson et alj ll2014bl l. 


Figure 24. Hll region metallicities for SNe II when split 
into equal samples of OPTd, the optically thick phase dura- 
tions of their l ight-cu rves. The latter values are taken from 
lAnderson et alJ ll2014bl l. 



RADIAL FRACTION OF R-BAND LIGHT 


Figure 23. Fru distributions for SNe II with and without narrow 
sodium absorption detections within their spectra. 


differences exist in the properties of the explosion sites 
of different SNe. These differences need to be explained 
by any proposed progenitor-transient mapping sce¬ 
nario. Environmental results provide constraints on 
SN population progenitor properties such as lifetime, 
mass and metallicity, where these also need to be tied 


to the high probability that a significant fraction of 
CC SNe arise from binary systems. In this section 
we outline how environmental results can be used to 
infer progenitor properties, and also discuss issues 
with the interpretation of the above results. Before 
moving to that discussion we note an important 
point with regards to environmental studies. These 
investigations are statistical in nature, in the sense 
that any single measurement, be it association to an 
H II region, an emission line metallicity measurement, 
an environment colour etc, does not necessarily imply 
a strong progenitor constraint on each individual SN. 
This is the case because of limiting factors such as 
superposition of foreground or background stellar 
populations onto that of the specific SN, line of sight 
extinction which may mask specific environment 
properties, and progenitor velocities (from e.g. kicks 
due to previous SN explosions within a binary system). 
However, statistical studies allow one to overcome 
these limitations as one can look at how different SN 
populations compare in terms of overall environmental 
properties. Hence, if a SN population has a mean e.g. 
metallicity higher than another, then this constrains 
the overall population of the former to have higher 
progenitor metallicities than the latter. This may seem 
like a pedantic point, but it is important to keep in 
mind when discussing statistical constraints together 
with individual transient properties. 
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4.1 Environmental constraints on SN 
progenitor mass 

We have shown above that SN types have an increasing 
degree of association to host galaxy SF, starting from 
SNe la, through SNe II, SNe Ib and finally SNe Ic 
(an observational result which has also been observed 
with various degrees of statist i cal significance by 


Kelly et al. 2008t Crowthei 2013 : Kangas et al. 2013 


and iGalbanv et al.l l2014ll . A major assumption in 


tying this to progenitor constraints is that a larger 
degree of association of any given SN type to especially 
the youngest on-going SF traced by Ha emission, 
implies shorter stellar lifetimes and hence more massive 
progenitors. 

The vast majority of stars form in clusters 


I Lada fc Ladal 120031 although see iBressert et al 


2010l l. while massive stars are generally born in clus- 


tere d environments (Portegies Zwart et al. I 2 OIOI but 
Wright et al. 2014[) . Massive young stars provide 


see 

the ionising flux to create Hii regions. As time passes 
the most massive stars within a cluster explode as the 
first set of SNe. When there are no surviving stars of 
sufficient mass then an Hii region will cease to exist. In 
addition as time passes clusters will tend to dissipate, 
and hence longer lived progenitors will be less likely to 
be associated with their parent cluster. The passage 
of time also enables progenitors to move away from 
their parent cluster if they have some peculiar velocity 
with respect to the cluster. As time passes gas will 
also be removed from a cluster due to the winds of 
the most massive stars, together with the first set 
of SN explosions. A full discu ssion of these p r ocesse s 
(and others) can be found in lAnderson et ah ( 2012 1. 
Following this, the simplest interpretation of Fig. 1 is 
that SNe Ic have shorter lifetimes than SNe Ib, which 
in turn have shorter (but quite similar) lifetimes as 
the progenitors of SNe II. Hence, SNe Ic have higher 
progenitor masses than SNe Ib, which have higher 
masses than SNe H. 

It is important to note here, our argument for higher 
mass progenitors for SN Ic as compared to SN Ib 
and SN H does not necessarily constrain the former 
progenitors to be single stars. It simply states than 
on average SN Ic have shorter lifetimes and more 
massive progenitors than SN Ib and SN H, irrespective 
of the progenitor scenario. Indeed, this interpretation 
gains weight f r om th e age constraints published by 


Galbanv et al. ( 20l4l . and shown in Fig. 14 (we 


also note that the higher resolution investigation of 
Kuncaravakti et al. 2013al gave qualitatively similar 
results, however conclusions are less clear due to small 
number statistics). In the case of SNe Ib, the fact that 
they show a very similar degree of association to on¬ 
going SF as SNe H, indicates that the SN Ib progenitor 
population is dominated by binary systems. This is 


because if SNe H and SNe Ib arise from similar mass 
progenitors (implied from their NCR distributions), 
then single star mass-loss processes are insufficient to 
remove the entire hydrogen envelope. Mass transfer 
between binary companions can explain this result, 
and the importance of binary systems in understanding 
C C SN prog e nitors is discussed in detail below. 

Crowthei ( 2013ll analysed very nearby CC SN 


positions with respect to H ii regions, and in particular 
discussed the ages of both individual isolated regions, 
and large giant nebulae. This author found that 
SNe Ibc were more associated to star-forming regions 
than SNe H, consistent with what has been outlined 


above. Indeed, iCrowthen also concluded that this im¬ 


plied higher mass progenitors for SNe Ibc than SNe H 
(we re-iterate that this does not necessarily differentiate 
between single and binary progenitor scenarios). An 
important difference between that work and the NCR 
pixel stati stics above is the lack of statistics which did 


not allow ICrowthen to separate SNe Ib from SNe Ic. 


When one obtains sufficient statistics to enable this 
separation, there is a clear difference between SNe Ib 
and SNe Ic in terms of their preference for exploding 
near to H ii regions, with the latter showing a much 
higher association. Indeed, this is a key observational 
result which needs to be explained through progenitor 
understanding. The current simplest interpretation is 
that SNe Ic arise from higher progenitor masses than 
SNe Ib. 

One of the most intriguing results to arise from 
SN environmental studies are the properties of the 
explosion sites of SNe Hn. These explosions have 
generally been proposed to arise f rom very m assive 
progenitors, possibly LBVs (see e.g. SmithI ioosll . and 


there is support for this v iew from e.g. the progenito r 
detection of SN 2005gl ( Gal-Yam fc Leonard 2009ll . 


However, it has been shown that the environments 
of SNe Hn (and indeed their close cousins the SN 
‘impostors’) are somewhat inconsistent with having 


in Anderson et al. 

2012; 

Habergham et al.l 

2 OI 4 I). 


similar environments as SNe HP. In Anderson et al.l 


(|2012il and iHabergham et al.l (|20I4l) it has been argued 
that this implies that SN Hn progenitors therefore have 
similar mass progenitors to SNe HP, i.e. that they arise 
from the lower end of the CC SN progenitor mass range. 
There is some support for this view from individual 
SNe Hn/impostor events. The transient SN 2008S was 
constrained to have a progenito r mass of ^10 M|^ , 
from Spitzer pre-explosion images (IPrieto et al.ll2008bll . 


SmithI (|2013ll argued that the Crab nebula is the result 


of a SN Hn arising from a low mass progenitor which 
exploded through the electron capture SN mechanism, 
and suggested that other SNe Hn showing a plateau in 
their light-curves (SNe Hn-P) may arise from similar 
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progenitors. 

One of the issues with analysing statistical samples 
of SNe Iln and ‘impost ors’ is their heterogen eous 
nature (see discussion in iHabergham et al~ 2014ll . It 
is highly probable that there are multiple channels to 
produce the observed interact ing transient dive rsity 
(see e.g. sarnples pu blished in Kiewe et'H] 2012 and 
Taddia et al.l l2013bll . Further separation of samples 
into all distinct classes removes any kind of statistical 
significance of analysis, and is also hampered by a lack 
of well observed events. Such analysis is warranted 
in the future as the number of well observed events 
increases. However, aside from these issues one can still 
look at the overall sample in a statistical sense, and as 
above, this implies that the majority of SNe Iln do not 
arise from the most massive stars. 

Motivated by t he a bove statistical results, 
Smith fc Tombleson (201^ investigated the envi¬ 


ronments of LBV stars within the Milky Way and both 
the Large and Small Magellanic Clouds (LMC, SMC). 
Measuring the distance between LBV stars and the 
nearest O stars, these authors found LBVs to be situ¬ 
ated in isolated environments, at significant distances 
from collections of O stars. Given that the general 
assumption is that LBV stars are an evolutionary 
phase which O stars will pass thro ugh before becoming 
WR stars, this is very surprising. ISmith fc TomblesonI 
argued that this must imply two things. 1) that LBV 
stars are the mass gainers within massive binary sys¬ 
tems. This would mean that the measured masses for 
LBV stars are actually significantly higher than ZAMS 
masses. And 2) that the higher mass companions 
within these massive binary systems explode first and 
hence produce a significant kick which displaces LBV 
stars from their parent cluster, hence appearing in 
apparent isolation. 

The location of LBV stars is possibly constraining 
for the nature of both SNe Bn and SN ‘impostors’. If 
these isolated LBV stars are then the progenitors of a 
signi ficant fraction of obse r ved S Ne Bn and ‘impostors’, 
then ISmith fc Tombleson ( 2015 1 argue that this could 
explain the relatively low association of these interact¬ 
ing transients with host galaxy SF, without implying 
such low progenitor masses as derived for SNe BP. It is 
also argued that such binary processes will dilute any 
information that can be gained on progenitor masses 
from environment studies. However, while there may 
indeed be some dilution of association with H ii regions 
if a large fraction of SN progenitors have signihcant 
velocities, there are several issues with such claims. 
Firstly, for an LBV progenitor to obtain a kick velocity, 
an initial SN has to explode. Within the vast majority 
of massive binary systems the most massive star will 
explode first as core evolution is independent of surface 
mass-loss processes. These first SNe are most likely 
to be of type Ic. Hence, in such a system the most 


massive explosion will be observed to be significantly 
associated with their host stellar population, while 
when the LBV finally evolves to explosion, it will be 
less associated because a) it has received a velocity 
kick and will hence explode further away from the 
host H II region, however importantly b) the latter 
will obviously explode after the initial SN, and hence 
all previous arguments for an increased association to 
SF being equivalent to younger progenitor ages still 
apply. Therefore, the initial mass difference between 
progenitors within the system will still be traced by 
environment properties even in a binary velocity kick 
scenario. If these kicked LBVs were the progenitors 
of SNe Bn, then the latter would still have lower 
progenitor masses than the first SNe to explode, i.e. 
SNe Ic, as we have argued above. The conclusions 


of Smith fc Tombles^ ( 20I5ll are intriguing and if 
true would have significant implications for stellar life 
and death. Future observations are needed to test the 
predictions of their scenario. 

In conclusion, we believe that differences in the 
association of SNe to host galaxy SF indeed imply 
differences in mean progenitor ages and masses. 
Exact progenitor mass constraints are more difficult, 
especially when tied in with the complications of 
binaries above. Finally, we stress that differences in 
the association of SNe to SF need to be explained 
by any valid progenitor scenario. Evidence for binary 
progenitors for CC SNe is now outlined in more detail. 

Binary progenitors of CC SNe 
It is now firmly established that the majority of mas¬ 
sive stars will have their evolution significantly affected 
before expl osion because of the influence of a binary 
companion ( Sana et al.ll2012 ). The presence of a binary 
companion may not only affect the evolution of a star, 
but also affect its positional characteristics, i.e. its en¬ 
vironment, after the initial star within the system ex¬ 
plodes. Indeed, it has long been suggested that binary 
evolution can lead to a number of observed SNe, espe- 
ciall y for the stripped envelop e types of Ibc, and Bb 
fe .g. IPodsiadlowski et al.lll992ll . 

Sana et al.l ( 2012 1 found that ^70% of massive O 


stars will lose ma ss through binary interaction (also see 
Sana et al.l 120131) . This being the case, it is impossi¬ 
ble to ignore the effects of binary interactions on SN 
progenitors and subsequent SN diversity. CC SN rates 
also give strong evidence that a t least a fraction of 
SNe I bc must arise from binaries ( Kobul nickv fc Frverl 
2007 : Smith et al. 2011 1. Smith et al. ( 2011 1 analysed 
the volumetric rates of CC SNe from the Lick Observa¬ 
tory Supernova Search (LOSS), and compared these to 
the expected number of SNe within different progenitor 
mass ranges assuming a standard IMF. The main con¬ 
clusion was that single star scenarios cannot explain the 
observed rate of SNe Ibc. These authors created vari- 
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ous progenitor scenarios, and favoured a hybrid scheme 
where the majority of SNe Ibc, in particular the SNe Ilb 
and SNe Ib, arise from binary progenitors, but some 
SNe Ic are still produced by single stars. This scenario 
qualitatively agrees with t he above find i ngs w ith respect 
to environments. Indeed, Smith et al. ( 201lll predicted 
that following this scenario SNe Ic should have envi¬ 
ronments which are more consistent with higher masses 
and higher metallicities than SNe II an d SNe Ib, as is 
concluded in ^ 3.1 and 3.3. In addition. lEldridee et al. 


( 2008h showed that a mix of binary and single star syn¬ 
thesised progenitor populations most accurately map 
the observed CC SN ratios and their dependence on 
metallicity. 

There is also evidence for binary progeni t ors th rough 
analysis of individual events. Bersten et al. ( 2014ll mod¬ 
elled the early light-curve of the SN Ib iPTF13bvn, 
and constrained its progenitor to be relatively low 
mass, which would only be possible in a binary sce¬ 
nario. In the case of SNe lib there are several progen¬ 
itor detections which indicate a binary progenitor sce¬ 
nario. After SN 1987A, SN 1993J was the second SN 


to have a progenitor detection (jAldering et al.l 119941 1. 
A companion star was later observed, hence confirm¬ 


ing the binary nature of this explosion (|Maund et al 


2004 : Maund fc Smartt 2009ll . A progenitor detection 


was also made for SN 201 Idh (Van Dvk et al. 2011 


Maund et al.l 1201 Iri . In this case there was some de¬ 
bate as to whether the detection was the actual pro- 
genitor, and a lso a s to its single or binary nature. 
Bersten et al. ( 2012ll argued for a low mass progeni¬ 
tor star, consistent with that detected in pre-explosion 
images, whic h constrained t he pr ogenitor to be a bi¬ 
nary system. iFolatelli et al.l (|2014r) have claimed a pos¬ 
sible detection of the companion star to SN 2011dh 
in late time Hubble Space Telescope images, which 
w ould be consistent wi th the above model predictions 
of Bersten et al. ( 2012h . In the case of SNe Ic we still 
await a sufficiently nearby and well studied explosion to 
enable such constraints. 

While SNe II now have a significant number of direct 
progenitor detections, there is a lack of pre-explosion 
SN Ibc progenitor detections, where only limits have 
been possible o n prog enitor luminosities, as shown by 
Eldridge et al.l ()2013ll . These authors used this evi¬ 
dence, together with the above constraints on SN rela¬ 
tive rates to argue for binary progenitors for the major¬ 
ity of SNe Ibc, and presented binary evolution models 
to account for observational constraints. 

The discussion in this section clearly shows that there 
is significant evidence that binary systems account for 
at least a fraction of CC SN diversity. Hence, these re¬ 
sults have to be taken into account when discussing en¬ 
vironmental results. However, while the presence and 
influence of binary companions may significantly affect 
the nature of the transients themselves, environmental 


results can still provide strong constraints on the nature 
of progenitors, and further constraints on the fraction 
of progenitors that arise from single or binary scenarios. 

4.2 Radial distributions of CC SNe 

The long standing assumption that the centralisation of 
SNe Ibc with respect to SNe H within g a.laxies is due to 
a progenitor metallicity effect fsee e.g. Ivan den Bergh 
1997 : iHakobvan et al. 20091 : Anderson fc Jam^ 2009 ). 
can no longer be deemed valid. We have shown that 
this result is dominated by SNe within disturbed galax¬ 
ies where any metallicity gradients which precede such 
an assumption will be much less prevalent, or even non 
existent. Hence, other explanations must be explored. 
Such di scussion has bee n detai led in 
( 2010 1: Anderson et al.l ( 201lh and 


Habergham e£^ 


Habergham et al 


(120121). We summarise the main points here. 

In the central parts of disturbed and interact¬ 
ing systems starbursts of vio lent SF are often fre¬ 
quently found to occur (see e.g. lLarson fc Tinsley 1978 : 
Joseph fc Wrightlll985ll . leading to a high turnover of 
massive stellar birth and death. One possibility to ex¬ 
plain SNe Ibc centralisation could thus be that we are 
simply observing systems at an epoch when the the 
most massive stars, i.e. the SNe Ibc, are exploding fol¬ 
lowing a burst of SF. However, this would require ex¬ 
treme fine tuning in the sense that the difference in 
lifetimes between SNe H and SNe Ibc (in any given 
progenitor scenario) are at most several 10s of Myrs. 
Meanwhile galaxy mergers/interactions have timescales 
of several 100 Myrs (see the results of m odels of merg¬ 
ing galaxies in iMihos fc Hernauistlll996ll . Hence, it is 
not clear how the radial distribution of CC SNe within 
disturbed galaxies can be explained though progenitor 
age effects. While this could be the case for any one 
given galaxy (e.g. see the SN distribution in Arp 299, 
Anderson et al.ll2011ll . it is implausible that we are ob¬ 
serving the rest of our disturbed sample (such as that 
displayed in Fig. 8, where it seems obvious that these 
galaxies display a wide range of starburst ages) when 
the dominant the age of massive stars is only a few 
Myrs. Ag ain, we encourage t he re ader to browse the 
content of iHabergham et al. ( 2012 1 for further discus¬ 
sion of this issue, and some more quantitative argu¬ 
ments. 

Another possibility is that the binary fraction of mas¬ 
sive stars changes with environment. It is quite possible 
that the SF within the central parts of disturbed sys¬ 
tems is dissimilar to that found in ‘normal’ star-forming 
regions in galaxy disk^. However, it is not clear in 
which direction this will go. Denser SF may indeed lead 

^We also note that it is possible that the binary fraction is higher 
within the central parts of bright H II regions, and could be a 
factor in the interpretation of the results presented in § 3.1. 
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to a higher fraction of binaries, however those binaries 
may be more easily disturbed by nearby stellar systems. 
It is possible that some binary systems are disrupted, 
but it is also possible that those remaining binaries be¬ 
come more compact. The latter become close-binaries 
which are more likely to influence stars before explo¬ 
sion, as these hard binaries will lead to mass exc hange 
on the main sequence (e.g. de Mink et al. Iim , and 
thus a larger fraction of progenitors could explode as 
SNe Ibc. These issues are not clear. However, within this 
discussion there is an important point which is usually 
ignored. If a binary system is to produce a SN Ibc, where 
the components have insufficient mass to lose their en¬ 
velopes through single star processes, then this implies 
that the companion has gained hydrogen-rich material 
(or at the very least not lost a significant amount of 
its own envelope). Hence, the second star to explode 
within the system will most likely be hydrogen-rich and 
hence a SN H. Thus, even in a stellar population where 
all SNe were produced by progenitors which had under¬ 
gone binary mass transfer, the lower mass companion 
is most likely to explode with a significant fraction of 
its hydrogen envelope intact. This would imply that the 
ratio of SNe H to SNe Ibc in such hypothetical environ¬ 
ments would be close to equal. We have shown above 
that in some environments this is clearly not the case 
(in the central parts of the extremely disturbed galax¬ 
ies in the above sample three times more SNe Ibc than 
SNe H have been observed). Hence, while we cannot 
currently disprove that SF in the central parts of these 
galaxies produces a higher fraction of CC SNe from bi¬ 
naries, it is not clear how this would explain the above 
results. Nevertheless, studies of the fraction of massive 
stars within binaries as a function of environment will 
be an interesting direction for such work in the future. 

It is also possible that interaction driven SF in the 
central regions of galaxies produces a different distri¬ 
bution of stars than those within ‘normal’ SF regions. 
One way to explain the centralisation of SNe Ibc is to 
assume that these SNe arise from more massive stars 
than SNe H (for which we believe there is significant 
evidence above), and then that the IMF is biased to¬ 
wards higher mass progenitors in these regions. Such 
a claim is indeed controversial, as there is significant 
dou bt as to whether the IMF varies with environment 
(see Bastian et al. 2010l for a re view). However, ther e 
are predictions, such as those from iKlessen et al.l (|2007r) , 
who suggest that in extreme SF environments the IMF 
may indeed be biased towards high mass stars, with a 
cut off at lower masses. We do not go into more de¬ 
tail on this topic here, however we believe that such a 
possibility needs to be considered when discussing SN 
environment properties. 
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4.3 Progenitor metallicity constraints 

Single star stellar evolution models predict that there 
should be a significant dependence o f the SN II/SN Ibc 
ratio on progenitor metallicity (e.g. Heeer etffi] 2003t 


Eldridge fc Toud[2004 iGeorgy e t al.ll20(3 9l) . B inary pop¬ 

ulation models (such as Eldridge et al.l 20081) predict a 
much less significant trend with metallicity, as the mass- 
loss is dominated by mass transfer in place of metal¬ 
licity dependent winds. Studies of the global proper¬ 
ties of SN host galaxies have observed that the SN H 
to SN Ibc ratio is depen d ent on: galaxy luminosity 
( Prantzos fc Boissieil 1200,11 : Boissier fc Prantzo^ 20091 : 
Arcavi et al. I I2OIOI) . which can be used as a proxy for 


galaxy metallicity; and galaxy metallicity (IPrieto et al 


Saiaxy 

l2008al) . 


These studies have argued that these results 
imply a significant difference in environment and thus 
progenitor metallicities of SNe H and SNe Ibc. However, 
above we have already shown that the interpretation of 
the radial distributions of CC SNe cannot be fully ex¬ 
plained through progenitor metallicity effects. In § 3.3 
of this review we have shown that there are only small 
differences between CC SN host H ii region metallicities 
between SNe H and SNe Ibc. This is then in conflict 
with the predictions of single star progenitor scenarios, 
as there is only a suggestion that the SN H to SN Ibc 
rate increases with decreasing oxygen abundance, and 
only in the lowest H ii region bin. These results appear 
to be strong additional evidence that a significant frac¬ 
tion of SN Ibc progenitors arise from binary systems. 

It is also interesting to note that while any differences 
are statistically marginal, of all the main CC SN types 
SN Ic do explode in the regions with the highest oxygen 
abundances. In Fig. II there is some suggestion that the 
SN Ib to SN Ic rate increases with decreasing metal¬ 
licity. It was also shown in § 3.2 that in undisturbed 
systems, where metallicity gradients are measured to 
be more prevalent, SNe Ic are indeed found to explode 
more centrally than SNe Ib, lending further weight to 
a progenitor metallicity difference between SNe Ib and 
SNe Ic. Hence, following the discussion above in § 4.1, 
environmental properties appear to constrain SNe Ib to 
have quite similar progenitor properties in terms of mass 
and metallicity to SNe II, while SNe Ic are constrained 
to have higher mass and metallicitjH progenitors than 
both the former. If correct, this hypothesis would imply 
that the majority of SNe Ib arise from binary progen¬ 
itors, while we suggest that at least a fraction (if not 
all) SNe Ic arise from single star progenitors. 


^Although we note that the subclass of these events, SNe Ic 
BL, appear t o favo ur lower metallicity environments. See e.g. 
IModiaz et al.l ll2011f) . 
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4.4 Progenitor constraints in the wider 
context 

In this section we briefly summarise other SN progen¬ 
itor analyses in the context of environment work. Di¬ 
rect progenitor detections give the most stringent con¬ 
straints on the origin of SNe. SNe IIP are the only 
type to have a significant number of progenitor detec¬ 
tions, where their initial masses have been constrain ed 
to be between 8 to ^20 fseelSmartt et al. 


a review, and iMaund et ah 201,1 : Fraser et al 


2009 for 


2014 for 


recent examples). This is consistent with environmen¬ 
tal constraints that SNe IIP arise from the lower end 
of the CC SN progenitor mass range, and their ac¬ 
curate tracing of host galaxy near-UV emission (Fig. 
2). There are suggestions from environmental studies 
that SNe IIL have higher masses than SNe IIP (see 
e.g. Fig. 22). Only a couple of progenitor detections of 
SNe IIL exist, how ever they do appear to be higher in 
mass than SNe IIP (lElias-Rosa et al. 2010l : Fraser et al 


2 OIOI : Elias-Rosa et al.l 20 111) . T he lack of detec t ions o f 
SN Ibc progenitors, as shown in lEldridge et al. ( 2011 b 
has been used to argue for binary progenitors for these 
SNe. However, we stress that any such study should 
separate SNe Ib from SNe Ic given their distinct envi- 
ro nments. _ 

Leloudas et al. ( 2010l ) investigated the spatial distri¬ 


bution of WR stars within galaxies. Using a similar 
technique to the pixel statistics methods outlined above, 
these authors found that WR stars are found to be lo¬ 
cated in similar environments as SNe Ibc, thus support¬ 
ing the possibility that some of the progenitors of the 
latter are high mass single stars. It was also found that 
SNe Ic showed environmental properties more similar to 
WC stars, and SNe Ib to WN stars, consistent with the 
scenario that SNe Ic are explosions of stars that have 
been more heavily stripped of their envelopes. It may 
be Interesting to further these studies for other stel¬ 
lar types, such as red and blue supergiants, and look 
in more detail at the association of different stars to 
more direct tracers of SE, such as Ha. We als o recall 
the investigation of Smith fc Tombleson ( 20151) . which 
sheds light on the spatial distribution of different mas¬ 
sive stars (and hence possible SN progenitors) with re¬ 
spect to each other. 

There has also been work constraining SN pro¬ 
genitors through analysis of resolve d stellar popu¬ 


lations within very n e arby g a laxies (I Goeart en et al 


2009a; _ Murphv et al.l 1201 if Williams et al.1 2014 : 


■lennings et al.l 2014h . These studies estimate the age of 
resolved parent stellar populations (on scales of '^50 pc) 
and translate these to progenitor masses. As we observe 
additional SNe in the very nearby Universe, and as the 
next generation of extremely large telescopes come on 
li ne, the possibi l ities of these studies will only increase. 

Lvman et al. ( 2ni4al ) studied the properties of a sam¬ 


ple of 18 stripped envelope SNe (SNe Hb, Ib, Ic, Ic-BL). 
These authors concluded that derived ejecta masses im¬ 
ply that low mass binary progenitors dominate the pro¬ 
genitor channel of these SNe. Interestingly, they did find 
that SNe Ic have higher ejecta masses than SNe Ib, per¬ 
haps implying higher mass progenitors for the latter, as 
suggested by environmental results above. 

4.5 Selection effects of environment 
observations and SN samples 

There are now a large number of SN environmental 
studies, as has been discussed throughout this review. 
There are many selection biases that may affect different 
studies, both in the nature of the environment studies, 
and in the nature of the SN samples themselves. Here we 
briefly summarise these, but we refer the reader to the 
literature cited throughout this review for more com¬ 
plete discussions. 

Exact objective SN typing is still an issue today when 
one has insufficient light-curve or spectral information. 
Indeed, many SNe are simply classified spectroscopi¬ 
cally and then are not followed any further. This prob¬ 
lem may be more important for analyses based on old 
literature SNe, when less data were obtained, and less 
was known about the diversity of SNe and its physical 
origin. However, its is not clear why this problem should 
bias environment results in any particular direction. 

In § 1.1 we combined the measurements of many dif¬ 
ferent host H II region oxygen abundance studies. While 
these studies were all of resolved galaxies, the redshift 
range of their samples is quite different, with s ome ve ry 
nearby studies such as Kuncaravakti et aD ( 2011al fbl 
combined with more distant samples. As one goes to 
larger distance the reduction in spatial resolution means 
that one’s measurement is over a much larger environ¬ 
ment. Other than diluting the information of the exact 
parent stellar population, it is unclear how this will af¬ 
fect the results of environment studies. One issue that 
is often cited is that if there is any significant differ¬ 
ence in the luminosities of different SNe which are be¬ 
ing compared, then this will result in a bias against the 
detection of one SN type over the other against e.g. 
bright H II regions, the brighter centres of host galax¬ 
ies, or within regions of higher host galaxy extinction. 
While SNe la are significantly brighter than CC SNe, 
there is actually little difference between the peak ab¬ 
solute magnitudes of SNe H and SNe I bc, as shown b y 
SNe discovered within the LOSS survey ( Li et al.ll2nil ). 
Hence, there is little evidence for any selection bias that 
could explain the preference of SNe Ibc for exploding in 
both more central regions of host galaxies, and within 
bright Hll regions. 

The exact make-up of host galaxy samples is also of¬ 
ten discussed in terms of a bias between different stud¬ 
ies. While traditional SN searches have concentrated 
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on targeting massive, bright galaxies, there now exist 
a number of un-targeted searches which scan the sky 
searching for SNe, and find many more SNe in low sur¬ 
face brightness galaxies than the former. Undertaking 
environment studies in these different samples will af¬ 
fect the relative numbers of studied SNe and may also 
change the nature of those SN populations. However, 
it is interesting t o note (as already stated above) that 
IStoll et ^ ( 2013 1 found that a SN II sample from an 
un-targeted search had a very similar H ii region oxygen 
abundance distribution as that that derived from a sam¬ 
ple of literature SNe discovered by targeted searches. 

All of the above issues need to be taken into account 
when studying SN environments, and future studies will 
strive to reduce any systematic biases in their samples, 
to obtain the most robust progenitor and transient con¬ 
straints. 


5 Current and future prospects 

SN environment studies are still in their infancy, and 
current/future instrumentation promises to further 
open the field for new results and analysis. There are 
two specific avenues which we believe will be pursued 
by environment studies to significantly increase in¬ 
sight on SN progenitors. The first involves the actual 
transients. This advancement was introduced in § 3.7, 
and involves having large samples of well characterised 
SNe. From these samples one can then tie specific 
environment properties to specific SN features which 
may be more physical in nature than simple type 
classifications. The second involves new observations 
enabled by current and future instrumentation, and 
specifically the advantages gained for environment 
studies by using IFU observations. We now discuss this 
in more detail, and show some preliminary analysis in 
that direction. 


5.1 New types of environment observations 

We have already commented on the central importance 
of wide-held IFUs for future studies of SN host galax¬ 
ies. This enables simultaneous spatial and spectral 
information over the entire extent of host galaxies. 
Indeed, the usefulness of IFU observations for SN host 
environment studies has already been demonstrated 


by e.g. 

Stanishev et al. 

(2012 

Riffault et al. (120131: 

Kuncaravakti et al. (l2013allb 

) and Galbanv et al. 


(I2OI4II . 


MUSE mounted on the VLT telescope promises to 
signihcantly enhance the capabilities of IFU instru¬ 
mentation for environment studies, having a FOV of 
I'xl', extremely good spatial resolution (0.2" spaxel 
size), and the power of being attached to an 8m class 
telescope. We recently obtained Science Verihcation 
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data (P.I. Galbany), to observe the galaxy NGC 6754 
which has been host to four SNe. A full analysis of that 
galaxy and other data taken during SV in terms of SN 
environmental parameters will be presented in Galbany 
et al. (in preparation). Here we show a glimpse of the 
data obtained and show what can be achieved through 
such analysis. (Note, an analysis of the Hii region 
population of NGC 6754 using these data has been 
presented in Sanchez et al.l[2015[ l In Fig. 25 we present 
the spatial metallicity map of NGC 6754 on the PP04 
03N2 scale, with SN positions indicated. In Fig. 26 a 
histogram of all measured metallicities is shown, with 
values estimated at exact SN sites indicated. These 
figures show the power of these data as compared to 
previous work, much of which was discussed above, 
where in the latter either spatial information of a 
specific emission line (e.g. Ha) has been analysed, or 
spectral information but in one small scale region. 
With current state-of-the-art instrumentation such as 
MUSE one can obtain all these parameters with one 
single telescope pointing. 

Additional instruments are also coming on¬ 
line to fur ther these I FU possibilities, such 
as SAMI ( Br^antet^ 20I2I) , an d MANG A 


2010: Childress et al.l 


(|Law_&^aNG^^e^_l201J) . WiFeS (iDopita et al 


2014ah is another instrument 


which is being used for these types of studies. These 
multi-IFU instruments will observe thousands of 
galaxies. While SN environment science may not 
initially be the key science drivers, when one observes 
such quantities of galaxies, then one naturally obtains 
statistically significant samples of SN host galaxies, 
which can be used for environment studies. Using 
these instruments one can essentially analyse host 
galaxies/environments in the manner described in § 
2.1, 2.2 and 2.3 simultaneously, i.e. one can extract 
any emission line (obviously within the constraints 
of any given instrument), or broad-band ‘colour’ 
and proceed with ‘spaxel statistics’. This will enable 
environment parameters such as metallicity to not 
only be compared between SN types, but also between 
SN environments and all other environments within 
their host galaxy (this in essence is what is done above 
for the Ha pixel statistics). This is what is shown in 
Fig. 26: a histogram of all host galaxy environment 
metallicity measurements. In this particular galaxy it 
is observed that the SNe la explode within the peak of 
the metallicity distribution, while the SNe H appear 
to explode in regions of higher oxygen abundance. We 
note here that this analysis is very preliminary, and is 
shown here to present future possibilities. Published 
values may change once a more thorough analysis is 
achieved. 

While large scale statistical environment analysis 
will hugely benefit with the advent of wide-held IFU 
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Figure 25. PP04 03N2 metallicity map of NGC6754, with SN explosion sites indicated. 
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instrumentation, it is also interesting to attempt to 
observe environments with the best spatial resolu¬ 
tion in order to observe individual progenitor parent 
stellar clusters. In order to obtain the best spatial 
resolution, adaptive optics (AO) helps to overcome 
the limitations of atmospheric conditions (i.e. seeing) 
during an observation. In this fashion we have obtained 
data of a handful of SN environments with SINFONI 
(|Eisenhauer et al.l 120031) . a near-IR IFU instrument. In 
Fig. 27 we present an example of the gain in spatial 
resolution using near-IR AO observations, where 
SINFONI observations are compared to those of an 
optical IFU of the same environment. This shows 
that what appears to be a single cluster in an optical 
observation is resolved into several clusters in SINFONI 
observations. In the near-IR one can use the presence 
or absence of Br-gamma emission to constrain the age 
of the environment/parent cluster (more details will 
be presented in Kuncarayakti et al. in preparation). 
Better spatial resolution also enables us to alleviate SF 
history issues. 

The above examples show how the field of envi¬ 
ronments is set to evolve over the coming years. In 
addition, one assumes that investigators will find other 
innovative ideas to use other instruments to study SN 
environments. In combination with growing databases 
of high quality follow-up data, the coming years 



Figure 26. Histogram of PP04 03N2 metallicity measurements 
of NGC 6754, with SN environment metallicity positions indi¬ 
cated. 


promise to be particularly fruitful for the environment 
and SN fields. 
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Figure 27. Example of the advantages of moving to the near- 
IR where one can obtain much higher spatial resolution due to 
adaptive optics corrections. A comparison is made between opti¬ 
cal IFU (SNIPS) observations, and those obtained with SINFONI 
of the same SN environment. Also shown are the extracted near- 
IR spectra, where the Br-ga mma emission line is indi cated. (A 
similar figure is also shown in iKuncaravakti et al.l[2014l .i 


6 Summary and conclusions 

The field of SN environments is still relatively young, 
but is growing into an important area of investigation. 
Major differences in the environmental properties of dif¬ 
ferent SNe exist, and any hypothesised progenitor sce¬ 
nario must be able to explain such trends. 

In this manuscript we have reviewed the current sta¬ 
tus of SN environment studies, and how these can be 
used to constrain SN progenitors. Differences in the en¬ 
vironments of SNe II, SNe Ib and SNe Ic appear to im¬ 
ply that the progenitor mass and metallicity ranges of 
the first two are quite similar, with larger values for the 
latter. This is explained if the majority of SNe Ib arise 
from binary systems, however we note that environmen¬ 
tal results still allow for a significant number of SNe Ic 
to arise from higher mass, and possibly single star pro¬ 
genitors. These conclusions are in qualitative agreement 
with contemporary studies of SNe. The environmental 
properties of SNe Iln test our understanding of these 
events and their progenitors, and it will be intriguing 
to see what further investigation brings to this debate. 
While studies of SN la environments are perhaps less 
constraining, there indeed exist interesting results. 

SN environment studies are rapidly evolving with new 
instrumentation, and ever larger SN samples to study. 
Future years promise to be rich with new analysis, and 
further constraints on the large diversity of SNe. 
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